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INTRODUCTION 


A.  BACKGROUND 

The  development  of  a  variety  of  single-mode  fiber  systems  has  been  the 
subject  of  much  effort  during  the  last  few  years.  These  systems  include 
sensors  for  the  detection  of  various  environmental  parameters  such  as  rotation 
(Reference  1),  pressure  or  acoustic  waves  (Reference  2),  electric  or  magnetic 
currents,  as  well  as  high-speed  signal  processors,  such  as  notch  and  bandpass 
filters,  transient  memories  and  delay  lines  (Reference  3).  Passive  forms  of 
these  optical  systems  have  been  successfully  demonstrated  in  our  own  as  well 
as  other  laboratories,  and  await  the  development  of  active  components  for 
improved  performance. 

Of  all  active  devices,  miniature  lasers  compatible  with  the  round  optical 
fiber  geometry  are  among  the  most  strongly  needed.  The  only  miniature  sources 
currently  available  are  laser  diodes,  but  they  present  several  intrinsic 
problems,  the  most  serious  one  being  their  poor  optical  coupling  to  single 
mode  fibers  resulting  from  their  strong  beam  astigmatism.  As  an  alternative, 
fiber  lasers  combine  the  advantages  of  potentially  high  energy  confinement  and 
of  a  geometry  perfectly  matched  to  that  of  optical  fibers. 

A  class  of  active  fibers  which  has  received  much  attention  in  the  last 
few  years  is  single  crystal  fibers.  As  waveguides  they  allow  one  to  transmit 
energy  at  higher  density  over  much  longer  distances  than  is  the  case  with 
their  traditional  bulk  optic  counterparts,  which  should  yield  tremendous 
improvements  in  the  efficiency  of  active  and  nonlinear  optical  devices.  For 
reasons  of  crystal  growth  dynamics  associated  with  the  small  crystal 
diameters,  it  may  be  possible  to  grow  in  fiber  form  the  most  perfect  crystals 
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yet  maut ,  inciuaing  crystals  wmen  cannot  be  usefully  grown  in  bulk  or 
epitaxial  form.  Crystal  fibers  can  also  be  grown  much  faster  than  bulk 
crystals,  so  that  a  large  variety  of  fiber  crystals  can  be  grown  and 

characterized  on  a  much  shorter  time  scale  than  allowed  by  more  conventional 

growth  methods.  These  properties  make  single  crystal  fibers  particularly 
attractive  for  a  number  of  applications  in  the  fields  of  optics  and  acoustics. 

Single  crystal  fibers  were  first  grown  at  the  Bell  Telephone  Laboratories 
using  a  laser-heating  pedestal  growth  technique  (Reference  4).  Nd:YAG  fibers 
grown  by  this  method  were  pumped  with  LED's  and  made  into  cw  lasers 
(References  4  and  5).  More  recently  a  growth  station  operating  on  the  same 
principle  was  developed  in  the  Center  for  Materials  Research  (CMR)  at  Stanford 
University,  and  a  large  number  of  materials  were  grown  in  a  single  crystal 
fiber  form.  Under  a  previous  program,  fibers  of  NdrYAG  grown  at  CMR  were  made 

into  optical  pulse  amplifiers  with  as  much  as  5.3  dB  of  gain  (Reference  6). 

For  obvious  reasons  it  was  interesting  to  pursue  this  work  and  attempt 
developing  Nd:YAG  fiber  oscillators. 

B.  OBJECTIVE 

The  objective  of  this  program  was  to  study  miniature  solid-state  laser 
sources  composed  of  a  single-crystal  Nd:YAG  fiber  (active  medium)  and  of  a 
semiconductor  injection  laser  diode  (pump).  The  use  of  laser  diode  pumps  was 
proposed  to  achieve  higher  pump-to-fiber  coupling  efficiencies  than  obtained 
by  other  authors  with  LED's  (Reference  5).  This  program  involved  the  growth, 
processing,  mirror  coating  and  characterization  of  high  quality  single  crystal 
fibers  of  various  dimensions,  the  demonstration  of  a  practical  arrangement  for 
efficient  optical  pumping  of  fiber  lasers,  and  the  evaluation  of  the  resulting 
fiber  lasers.  The  program  goal  was  the  demonstration  of  a  compact,  LD-pumped 


2 


1.064  Mm 


C.  SUMMARY  OF  RESULTS 

The  results  of  the  work  performed  under  this  contract  and  described  in 
this  report  may  be  summarized  as  follows: 

1.  For  the  purpose  of  laser  research  a  large  number  of  Nd:YAG  fibers 
were  grown,  with  diameters  ranging  from  15  urn  to  250  urn.  Under  another 
program  (Reference  7),  major  improvements  were  performed  on  the  CMR  growth 
station,  which  yielded  higher  quality  fibers  and  better  diameter  control. 

2.  A  new  type  of  holder  was  designed  to  receive  the  fibers.  It 
provides  easy  handling  and  mechanical  protection  of  the  fibers. 

3.  Using  in-house  facilities,  it  was  shown  that  fibers  mounted  in  this 
fashion  could  be  routinely  polished  to  a  flatness  of  a/4  or  better  over  the 
entire  cross-section  of  the  fibers. 

4.  A  theoretical  model  of  end-pumped  lasers  was  developed.  It 
describes  the  output  of  a  laser  in  terms  of  its  threshold  and  energy 
conversion  efficiency,  and  expresses  these  two  parameters  as  a  function  of 
pump  and  signal  mode  spatial  overlap.  By  Introducing  the  concept  of  filling 
factor,  the  effect  of  the  modal  structures  of  the  interacting  waves  on  the 
laser  threshold  was  simplified  to  a  single  additional  parameter. 

5.  Applied  to  the  case  of  guided  fiber  lasers,  this  theory  provides  a 
simple  and  clear  description  of  the  dependence  of  the  laser  output 
characteristic  on  the  pump  and  signal  modes  and  on  the  fiber  parameters 
(V-number).  It  also  predicts  that  a  fiber  laser  has  an  optimum  energy 
conversion  efficiency  for  a  V  iri  the  range  of  5-25. 
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Nd:YAG  fibers  end-pumped  at  514.5  nm  and  placed  in  an  external  cavity  made  of 
miniature  mirrors.  Thresholds  as  low  as  2.6  mW  were  observed  in  ~  10U  urn 
diameter  fibers,  corresponding  to  round-trip  losses  of  only  a  few  percent. 

7.  In  the  lowest  loss  fiber  lasers  (~  230  urn  in  diameter)  a  maximum 
slope  efficiency  of  31%  and  a  maximum  output  power  of  9  mW  were  measured. 

8.  Similarly,  laser  action  was  successfully  demonstrated  in  Nd:YAG 
fibers  end-pumped  with  a  single  cw  laser  diode  emitting  near  820  nm.  Again 
the  output  was  linearly  polarized  and  single-mode.  Thresholds  as  low  as 
3.9  mW  were  obtained. 

9.  The  finite  transverse  size  of  the  gain  medium  was  found  to  induce  a 
strong  signal  mode  confinement  and  actual  guiding  in  most  cases.  This 
resulted  in  a  single  transverse  mode  laser  output  (TEMqq).  All  lasers  also 
showed  the  same  degree  of  polarization  as  the  pump  beam. 

10.  All  fibers  were  uncooled  and  yet  exhibited  a  good  short  term 
stability.  To  the  best  of  our  knowledge  this  result  constitutes  the  first 
demonstration  of  uncooled  Nd: YAG  devices  at  such  relatively  high  output  power. 

11.  Under  similar  conditions,  miniature  crystals  of  Nd:YAG  were  tested 
in  a  laser  environment,  both  with  514.5  nm  and  820  nm  pump  beams.  Results 
showed  excellent  laser  behavior  and  were  conveniently  used  throughout  this 
work  for  comparison  to  fiber  laser  behavior. 

12.  Measurements  on  fiber  lasers  with  diameters  ranging  from  80  to 
230  urn  were  in  excellent  agreement  with  our  theoretical  model.  They  were 
consistent  with  a  value  of  the  material  stimulated  emission  cross-section  of 
o  =  2.3*  10"19  cm2  . 
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13.  Comparison  of  bulk  and  fiber  laser  operations  indicated  that  fiber 
lasers  exhibited  a  somewhat  higher  cavity  loss,  as  well  as  a  higher  gain  per 
unit  power  . 

14.  No  measurable  differences  were  found  in  the  spectroscopic  parameters 
of  bulk  crystals  versus  fibers  of  NdrYAG. 

15.  An  extensive  loss  mechanism  analysis  was  performed  which  clearly 
demonstrated  that  these  two  differences  (see  item  13)  were  due  to  signal 
aperturing  by  the  fiber.  Aperturing  was  found  to  be  caused  by  residual 
crystal  bulk  defects  in  larger  diameter  fibers,  and  surface  scattering  in 
smaller  diameter  fibers.  This  provides  additional  proof  that  these  are 
actually  the  first  guided  Nd:YAG  fiber  lasers  demonstrated  so  far. 

16.  Work  was  initiated  on  the  characterization  and  use  as  a  pump  source 
of  a  high-power  laser  diode  array  with  an  output  power  of  ~  140  mW  at 

~  820  nm.  When  implemented  in  Nd.'YAG  fiber  lasers  it  should  yield  several 
tens  of  milliwatts  of  1.064  um  output  power. 

17.  Future  work  will  concentrate  on  fiber  quality  and  ioss  reduction. 

The  recent  completion  of  a  new  fiber  growth  station  in  the  Ginzton  Laboratory 
should  speed  up  this  process. 

D.  GENERAL  PLAN 

The  research  activities  under  this  program  have  followed  several 
directions,  and  for  the  sake  of  clarity  this  report  addresses  them  in  six 
sections  numbered  II  through  VII.  The  content  of  these  sections  is  as 
follows: 

Section  II.  Nd:YAG  fiber  preparation  and  characterization. 

S'  :tion  III.  Theory  of  modal  overlaps  in  fiber  lasers. 
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Section  V. 


Section  VI. 


Section  VII. 


lasers. 

Experimental  work  on  820  nm  pumped  bulk  and  fiber  Nd:YAG 
lasers. 

Experimental  analysis  of  residual  loss  in  fiber  laser 
cavities. 

Conclusions  of  this  work  and  future  directions. 
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SECTION  II 


Nd:YAG  FIBER  PREPARATION 

In  this  section  we  describe  the  growth  process  of  the  Nd : YAG  single 
crystal  fibers  used  in  the  present  work.  The  growth  station  Is  described  in 

some  detail,  together  with  the  major  improvements  that  it  underwent  since  this 

program  began.  As  an  introduction  to  the  development  of  fiber  lasers  we  also 
summarize  the  physical  properties  of  the  Nd:YAG  fibers  grown  with  this 

station.  The  last  section  is  devoted  to  the  work  done  under  this  as  well  as 

other  programs  on  the  subject  of  fiber  processing,  which  includes  fiber  end 
preparation  and  fiber  cladding. 

A.  FIBER  GROWTH 

The  single  crystal  fibers  used  in  this  work  were  grown  at  the  Center  for 
Materials  Research  (CMR)  at  Stanford  University  using  a  growth  station 
developed  two  years  ago  (References  4,8).  It  implements  the  so-called 
floating-zone  pedestal  growth  technique,  related  to  the  more  widely  known 
Czochralskl  method.  The  crystal  fiber  Is  grown  from  a  melt  produced  by  a 
high-power  cw  C02  laser  (Reference  8).  In  the  configuration  of  the  CMR  growth 
station,  the  laser  beam  is  split  into  two  beams  which  are  redirected  and 
focused  from  opposite  directions  on  a  small  rod  of  material  to  produce  a 
molten  bead  held  by  surface  tension  (Figure  1)  (Reference  8).  A  platinum 
wire,  or  a  seed  crystal,  is  dipped  into  the  melt,  and  the  fiber  is  grown  by 
translating  the  parent  rod  and  seed  upward  with  different  velocities  (Vs 
and  Vf  ,  respectively).  The  diameter  of  the  new  crystal  df  (fiber)  is 
determined  by  mass  conservation  according  to  d^  =  (Vs/V^)^2  d$  ,  where 
d$  is  the  source  rod  diameter.  Since  the  source  rod  diameter  is  on  the  order  of 
0.5  -  1.0  mm,  while  typical  diameter  reductions  are  in  the  range  of  2  -  4:1,  a 
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SEED  (  FINE  WIRE 
OR  ORIENTED  CRYSTAL  ) 


Figure  1--Schenatic  of  the  Floating- Zone  Technique 
used  to  grow  Single-Crystal  Nd : YAG  Fibers. 


few  iterations  of  the  above  growth  process  are  required  to  achieve  fiber 
diameters  in  the  10-100  micron  range  of  interest  for  optical  device 
applications.  In  iterative  steps  the  previously  grown  fiber  is  used  as  a 
parent  to  grow  the  next  generation  fiber. 

A  schematic  of  the  optical  circuit  and  associated  systems  is  shown  in 
Figure  2.  The  laser  output  power  is  monitored  with  a  thermal  power  meter  and 
is  stabilized  by  feedback  to  the  tube  current  based  on  the  monitor  signal.  A 
50/50  beam  splitter  divides  the  beam  into  two  parts  which  are  delivered 
through  a  series  of  mirrors  to  two  focusing  lenses  (f  =  12.5  cm)  arranged 
diametrically  opposed  to  one  another  to  illuminate  the  melt  zone  with  the 
desired  bilateral  symmetry.  The  minimum  focal  spot  size  produced  is  250  urn. 

The  source  rod  and  the  fiber  are  held  by  means  of  miniature  three- 
jaw-chucks  connected  to  independently  driven  lead  screws.  Motor  speed  control 
is  based  on  a  feedback  system  with  approximately  1%  stability.  Both  chucks 
are  provided  with  variable  rate  rotation  about  their  axes.  Rotating  either 
the  feed  or  the  fiber  during  the  growth  process  helps  homogenization  of  the 
heat  distribution  in  the  melt  when  growing  from  large  parent  rods  (1  mm  or 
more). 

The  laser-heated  pedestal  growth  presents  several  features  that  make  it 
unique  in  the  single  crystal  growth  technology.  The  use  of  tightly  focused 
laser  beams  makes  possible  very  high  temperature  gradients  and  unusually  high 
growth  rates,  on  the  order  of  millimeters  per  minute.  Because  of  the  small 
molten  zone  involved,  very  rapid  heating  and  cooling  can  be  achieved,  and 
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Figure  2--Single  Crystal  Fiber  Pul  1  i 


uniform  dopant  concentrations  are  possible.  Very  high  temperatures  can  be 
reached  at  relatively  low  laser  power.  Another  advantage  is  that  the  quantity 
of  starting  material  required  is  minimal,  and  sample  preparation  can  be  very 
quick.  The  parent  material  can  be  in  any  solid  form,  including  polycrystal¬ 
line  or  amorphous  forms,  which  makes  possible  the  synthetization  of  new 
crystals.  Finally,  this  process  does  not  require  the  use  of  a  container,  and 
contamination  problems  are  reduced.  On  the  other  hand,  one  of  the  major 
limitations  of  this  station  is  that  in  its  present  form  it  can  only  be  used  to 
grow  congruently-melting  materials,  i.e.,  materials  whose  liquid  and  solid 
phases  are  in  equilibrium  with  identical  stoichiometric  compositions. 

However,  this  limitation  is  relative’y  minor  as  a  large  number  of  optically 
active  and  nonlinear  materials,  such  as  refractory  oxides,  and  in  particular 
Nd:YAG,  do  melt  congruently.  Also,  it  may  be  possible  to  broaden  this 
spectrum  of  materials  by  implementing  alternative  edge-defined  growth  methods, 
such  as  a  capillary  method. 

Several  major  improvements,  performed  under  another  program 
(Reference  7),  were  implemented  In  the  CMR  growth  station  during  the  course  of 
the  present  work.  Motors  and  motor  gear  driving  the  feed  and  pull  mechanisms 
were  upgraded  for  a  larger  range  of  operation  and  better  performance.  Also, 
ambient  laboratory  air  currents,  which  were  Identified  as  a  major  source  of 
instability  during  the  growth  of  smaller  diameter  fibers,  were  eliminated  by 
enclosing  the  growth  area  in  an  air-tight  chamber.  The  chamber  is  equipped 
with  two  lateral  ZnSe  windows  for  the  transmission  of  the  C02  beams,  and  with 
glass  windows  for  visual  observation  and  control  of  the  fiber  during  growth 
with  a  variable  magnification  binocular  microscope.  The  chamber  also  offers 
the  possibility  of  growing  fibers  under  a  controlled  atmosphere,  such  as 
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argon,  oxygen  or  vacuum,  depending  on  the  requirements  of  the  material  grown. 

A  commercial  diameter  measurement  unit  was  also  acquired  for  control  of 
the  fiber  diameter  as  it  is  being  grown.  It  provides  measurements  of  the 
diameter  of  the  fiber,  molten  zone  and  source  rod  at  different  points  to  a 
precision  of  0.1  -  0.5  urn  depending  on  operating  conditions.  When  interfaced 
with  a  newly  acquired  computer,  this  unit  will  feed  error  signals  back  to  the 
laser  power  supply  and/or  to  the  motor  drives  to  automatically  compensate  for 
any  departure  of  the  fiber  diameter  from  a  pre-selected  value. 

A  major  improvement  in  crystal  fiber  diameter  control  has  been  observed 
by  implementing  a  variable  CO2  laser  power  attenuator  in  the  growth  station. 
The  attenuator  is  particularly  useful  when  growing  smaller  diameter  fibers 
(  <  200  urn),  which  normally  requires  operation  of  the  laser  at  low  power  with 
a  resulting  increase  in  the  laser  output  fluctuations.  This  addition  also 
significantly  improved  growth  stability  while  reducing  tiie  frequency  of 
adjustments  required  during  the  growth  of  several  inch  long  fibers. 

Finally,  fiber  diameter  control  was  further  improved  by  using  500  urn 
ground  rods  as  a  source  material  (instead  of  1  mm  square  rods)  prepared  in- 
house  with  a  newly  acquired  centerless-grinder. 

B.  PHYSICAL  PROPERTIES  OF  Nd:YAG  FIBERS 

To  illustrate  the  potential  of  this  crystal  growth  method,  we  have  listed 
in  TABLE  1  some  of  the  most  important  crystals  grown  to  date  with  CMR 
facilities  together  with  the  fiber  characteristics  (diameter,  crystal 
orientation)  and  their  potential  applications.  LiNbOj  was  grown  in  a  variety 
of  diameters  and  crystal  orientations.  It  has  many  applications  which  involve 
its  excellent  electro-optic,  nonlinear  and  ferroelectric  properties.  Single 
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TABLE  1 


LIST  OF  SINGLE  CRYSTAL 

FIBERS  GROWN 

TO  DATE  (CMR) 

MATERIAL 

ORIENTATION 

DIAMETER 

APPLICATIONS 

Nd: YAG 

(111), (100) 

600-15  p 

Laser,  Amplifier 

Sapphi re 

a,c 

600-50  Wm 

Combustion  Analysis 

LiNb03 

a,c 

800-150  p 

Electro-Optic 

Acousto-Optic 

Gd2(Mo04)3 

(110) 

600-200  Wm 

Ferroelastic 

CaSC20^ 

a,c 

600-100  wm 

Model 

SrSc204 

600  W  m 

Model 

YIG 

600-100  wm 

Isolator 

Y2U3:EU 

c 

600-800  wm 

Li2Ge03 

a,c 

600-100  wm 

Raman  Device 

Nd:CaSC2U4 

c 

600  w  m 

Laser 

BaF2/CaF2 

a,c 

600-200  wm 

IR 

AgBr 

a 

750  Wm 

IR  guiding 

KRS-5 

. 

750  wm 

IR  guioing 
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phase  fibers  of  GMO  were  also  grown  successfully,  and  are  currently  being 
characterized  for  the  development  of  acoustic  devices.  Calcium  and  strontium 
scandates  were  also  grpwn  from  hot-pressed  rods.  By  doping  CaSc204  with 
~  1%  of  neodymium  with  a  novel  and  simple  technique  (Reference  9),  good 
quality,  ~  400  urn  diameter  crystals  were  obtained,  to  the  best  of  our 
knowledge  for  the  first  time  in  this  country.  Other  crystal  fibers  grown 
include  YIG  with  potential  applications  as  optical  isolators  and  circulators, 
Eu:Y203,  Li2Ge03  (LGO)  for  use  as  a  Raman  optical  frequency  shifter,  and 
composite  materials  such  as  BaF2/CaF2  for  the  study  of  the  morphological 
control  of  ferro-electric  domains  in  multiphase  structures.  Silver  Bromide 
(AgBr)  and  KRS-5  fibers  were  also  grown  recently  for  their  good  far  infrared 
guiding  properties. 

However,  NdrYAG  is  the  material  which  has  been  grown  and  studied  most 
extensively,  mainly  for  optical  evaluation  of  amplifiers  and  oscillators  under 
the  present  as  well  as  other  programs  (References  6,7).  NdrYAG  fibers  are 
typically  grown  at  a  rate  of  1  mm/min,  and  with  diameter  reduction  ratios  of 
2:1.  A  typical  sequence  of  diameters  obtained  from  successive  growth  of 
NdrYAG  fibers  is  therefore  500  pm  (ground  rod),  250  pm,  120  pm  and  60  pm.  The 
crystallographic  orientation  of  these  fibers  is  determined  by  the  seed  crystal 
orientation.  Although  growth  in  other  orientation  directions  have  been 
demonstrated  (see  TABLE  1),  NdrYAG  has  been  customarily  grown  in  the  (111) 
direction  for  easier  end  cleavage.  This  directionality  is  confirmed  by  the 
hexagonal  cross-section  observed. 

Fibers  grown  with  this  technique,  pulled  in  lengths  of  about  3-4 
inches,  show  shiny  faces,  and  all  display  single  crystal  character  as 
confirmed  by  X-ray  diffraction  analysis.  Unscratched  fibers  are  surprisingly 
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flexible  and  can  tolerate  relatively  small  radius  bends  before  breaking. 

Slight  diameter  fluctuations  are  also  observed  along  the  fiber  length, 
resulting  from  nonuniformities  in  the  feed  and  pull  drive  mechanisms  occurring 
during  the  growth  process.  Typical  diameter  variations  are  5%  to  10%,  while 
they  can  be  as  low  as  a  few  percent  along  5  -  10  mm  long  portions  of  the 
fiber.  The  spatial  period  uf  these  surface  ripples  was  measured  to  vary  from 
250  urn  to  600  urn  depending  on  the  sample  diameter  and  growth  conditions. 

Growth  and  diameter  instabilities  were,  however,  far  lower  than  previously 
reported  (Reference  6)  as  a  consequence  of  the  various  improvements 
implemented  in  the  growth  station  during  the  last  year.  This  situation 
allowed  us  in  particular  to  grow  Nd:YAG  fibers  with  diameters  as  small  as 
15  urn.  These  new  samples,  grown  from  100  urn  fibers  in  length  of  1  -  3  cm, 
show  only  5  -  10%  average  diameter  variations,  which  is  actually  satisfactory 
since  only  very  short  (i  -  2  mm)  fibers  are  needed  in  this  range  of 
diameter.  This  new  result  constitutes  an  improvement  of  the  previous  state  of 
the  art  by  a  factor  of  2,  and  opens  the  way  to  the  exciting  domain  of  single¬ 
mode  single-crystal  fibers. 

C.  FIBER  PROCESSING 

(1)  End-Polishing 

The  physical  quality  of  the  end  of  a  fiber,  and  in  particular  its 
flatness,  is  important  for  most  optical  device  applications.  Surface  quality 
reflects  on  the  phase  front  of  the  signal  coupled  into  the  fiber  as  well  as  on 
the  launching  efficiency.  It  was  therefore  important  to  develop  suitable 
techniques  to  prepare  the  ends  of  single  crystal  fibers  in  a  reliable  and 
repeatable  manner. 
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In  an  earlier  program  we  showed  that  cleaved  ends,  obtained  by  breaking  a 
Nd:YAG  fiber  after  scoring  It  with  a  diamond  blade,  yielded  fairly  nice  end 
faces  perfectly  suitable  for  the  study  of  this  type  of  fiber  as  a  multimode 
waveguide  (Reference  6).  However,  in  the  present  work  it  was  Important  to 
preserve  the  phase  front  of  the  optical  signal  as  It  travels  back  and  forth 
through  the  fiber  laser,  and  more  accurate  preparation  methods  were  sought. 

Under  the  present  contract,  a  number  of  polishing  methods  were 
evaluated.  In  order  to  achieve  a  uniform,  flat  polish  over  the  entire  cross- 
section  of  a  fiber,  it  is  preferable  to  provide  the  fiber  with  a  holder  that 
increases  its  rigidity  and  prevents  it  from  moving  during  the  grinding  and 
polishing  operations.  One  of  our  earliest  attempts  involved  mounting  one  or 
several  fibers  inside  a  glass  capillary  tube  (O.D.  ~  5  mm).  It  appeared  that 
this  method  does  not  provide  enough  support  to  the  fibers  as  the  bonding  agent 
(epoxy)  and  the  holder  Itself  (glass)  grind  down  faster  than  the  harder  NdrYAG 
fibers. 

To  match  the  hardness  of  the  holder  to  that  of  the  fiber,  subsequent 
polishing  jigs  were  made  of  Nd:YAG  rods.  Capillary  tubes  of  this  material 
being  difficult  to  fabricate,  a  slot  Is  machined  along  the  length  of  the  rod 
with  a  circular  diamond  saw.  The  slot,  from  ~  220  urn  to  500  wm  wide,  has  a 
flat  bottom  and  runs  to  the  center  of  the  rod,  as  shown  in  Figure  3.  The 
holder  outside  diameter  is  typically  6  to  8  mm,  while  its  length  is  tailored 
to  the  desired  fiber  length.  To  assure  rigidity  and  minimize  the  amount  of 
softer  bonding  agent,  several  fibers  (5  -  15)  are  laid  in  the  groove  and 
bonded  into  place.  In  the  current  embodiment  the  bonding  agent  used  is  a  uv- 
curing  epoxy  glue  (Reference  10),  which  Is  cured  overnight  under  a  low  power 
uv  lamp.  After  curing  the  fiber  ends  protruding  from  the  edges  of  the  holder 


16 


are  cut  with  a  saw,  and  each  end  face  Is  first  ground,  then  polished,  until 
all  fibers  show  flat  smooth  ends.  The  fibers  (and  holder)  can  then  be 
optionally  retrieved  by  removing  the  epoxy  with  an  appropriate  solvent. 

Throughout  this  work,  over  one  dozen  such  arrays  of  fibers  were  assembled 
and  polished  successfully  using  our  in-house  facilities.  Observation  of  the 
polished  fiber  ends  in  an  interferometric  microscope  showed  less  than  one 
fringe  across  each  fiber  end,  corresponding  to  a  flatness  of  better  than  A/4 
suited  to  the  requirements  of  our  laser  devices.  Careful  microscope 
observation  of  the  fiber  ends  also  showed  relatively  good  fiber  edges,  with 
very  few  residual  chippings  and  cracks  on  the  fiber  edge  introduced  by 
polishing  (Figure  4(a)).  The  yield  was  also  quite  good  in  general,  as  most 
fibers  showed  that  both  faces  had  been  polished. 

More  recently  this  method  has  been  Implemented  to  a  slightly  different 
form  of  holder.  Also,  a  new  method  has  been  developed  which  should  yield 
further  Improvement  and  faster  processing.  We  refer  the  reader  to  the 
following  subsection  and  to  Section  VI-D  for  further  Information  on  the 
subject  of  end-polishing. 

2.  Cladding  Single  Crystal  Fibers 

One  of  our  efforts  toward  device  development,  which  has  been  in 
progress  under  another  program  (Reference  7),  was  concerned  with  the 
development  of  suitable  claddings  and  cladding  techniques  for  single-crystal 
fibers.  Since  the  techniques  developed  under  that  program  are  of  interest  to 
the  present  work,  we  briefly  review  them  in  this  section.  They  will  be 
available  for  adaptation  to  the  needs  of  fiber  oscillators  under  future 
programs. 
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Figure  4 (a )--Photograph  of  Polished  Fiber  Ends 
(Array  #16). 


Figure  4(b)--Photograph  of  the  Polished  End  of  a 
Nd : YAG  Fiber  Clad  with  SF-57  Glass 
(Array  #8)  . 
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One  of  the  most  important  loss  mechanisms  in  any  type  of  optical  fiber  is 
scattering  due  to  diameter  fluctuations  of  the  surface  of  the  guiding  region 
(core).  In  particular,  as  mentioned  earlier,  in  single-crystal  fibers  the 
outer  surface  generally  shows  some  degree  of  irregularities  which  scatter  the 
optical  signal  and  represent  a  loss  mechanism.  It  can  be  shown  by  theoretical 
analysis  that  this  loss  mechanism  may  be  greatly  attenuated  by  placing  a 
cladding  with  an  appropriate  refractive  index  around  the  fiber  core  (Reference 
11).  In  essence,  the  cladding  reduces  the  number  of  guided  fiber  modes  to 
which  the  optical  signal  mode  (presumably  the  fundamental  mode)  may  be  coupled 
by  the  fiber  diameter  perturbation.  The  effectiveness  of  the  cladding  at 
reducing  scattering  losses  is  thus  directly  related  to  the  index  difference 
An  between  the  core  and  the  cladding  (Reference  11).  Consequently,  losses 
are  minimized  by  making  An  as  small  as  possible  (An  should  however  remain 
positive  for  waveguiding  to  be  possible).  For  example,  in  a  typical  low-loss 
commercial  glass  fiber  the  core  is  surrounded  by  a  cladding  material  with  a 
slightly  lower  refractive  index  than  that  of  the  core,  which  isolates  the  core 
from  the  outside  world  and  reduces  scattering  losses.  Because  glass  fibers 
are  generally  fabricated  by  a  pulling  process,  the  core/cladding  interface  is 
smooth  and  the  losses  can  be  very  low.  Clearly  a  second  advantage  of  cladding 
crystal  fibers  is  that  it  reduces  the  number  of  guided  modes  the  fiber  can 
support,  which  is  an  important  step  towards  the  development  of  single-mode 
crystal  fibers. 

To  reduce  scattering  losses  and  make  crystal  fiber  devices  practical  we 
tried  to  partially  reproduce  the  circumstances  occurring  in  glass  fibers  by 
providing  an  appropriate  cladding  to  single  crystal  fibers.  Suitable 
materials  and  means  for  placing  them  on  the  outside  of  a  Nd:YAG  single  crystal 
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fiber  were  investigated.  A  number  of  potential  cladding  materials  and 
cladding  deposition  techniques  were  identified,  covering  a  wide  range  of 
difficulty  levels  in  realization  and  applications.  Potential  materials 
include  liquids  and  waxes,  gels,  epoxies  or  solids.  Possible  deposition 
methods  include  extrusion,  sputtering  or  in-  and  out-diffusion.  This  last 
technique,  which  relies  on  the  implantation  of  chosen  impurities  or  removal  of 
some  crystal  constituents  at  the  periphery  of  a  crystal  fiber  to  locally 
reduce  its  index,  may  provide  the  most  flexible  control  of  index  profile. 
Alternatively,  because  of  the  aval labl i ty  of  liquids  with  any  index  between 
~  1.3  and  2.2,  liquid  claddings  seem  to  be  good  candidates  for  an  immediate 
approach.  However,  in  view  of  the  stability,  hardness  and  appropriate  range 
of  indices  offered  by  a  variety  of  solids,  most  of  our  effort  to  date  was 
devoted  to  experimental  investigations  of  solid  claddings. 

Calculations  show  that  a  cladding  thickness  on  the  order  of  10  urn  should 
be  enough  for  fibers  with  core  diameters  larger  than  50  urn.  A  promising  way 
to  achieve  this  goal  is  to  use  a  sputtering  method.  In  view  of  the  potential 
of  this  approach,  an  existing  in-house  sputtering  station  was  modified  to  the 
necessities  of  sputtering  on  cylindrical  surfaces  such  as  fibers.  A  motor  was 
installed  in  the  vacuum  station  that  rotated  the  fiber  about  itself  to  present 
its  entire  outer  surface  to  the  flux  of  plasma.  Since  several  continuous 
hours  of  operation  are  required  to  attain  sputtered  layers  of  several  microns, 
a  cooling  system  was  mounted  on  the  motor  stage  to  prevent  failure  by 
overheating. 

A  promising  material  to  sputter  onto  NdrYAG  is  undoped  YAG,  which  would 
provide  a  &n  of  about  1.1  x  10"^  at  1.06  vm  (Reference  12).  However, 
because  of  the  high  cost  of  this  material,  preliminary  sputtering  runs  were 
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performed  with  a  quartz  target  (n  =1.46).  Both  commercial  silica  fibers 
(OD  =  80  urn)  and  Nd:YAG  fibers  (  0D«100  pm  )  were  used.  On  silica  fibers, 
cladding  was  sputtered  for  5  to  9  hours,  leading  to  measured  deposition  rates 
of  about  2  um/hour.  Although  the  process  Is  slow,  SEM  photographs  of  the 
cladding  surface  and  of  cross  sections  of  the  clad  fibers  showed  good  adhesion 
to  the  fiber  cores.  The  cladding  thickness,  up  to  13  urn,  is  in  general  fairly 
uniform  along  the  fiber  length,  with  a  slight  tapering  toward  the  ends  of  the 
fiber  (~  4%/cm),  located  further  away  from  the  target.  No  cracks  are 
noticeable  on  the  cladding  surface  although  some  blisters  developed,  a 
situation  which  Is  not  unusual  on  thick  sputtered  films.  Insofar  as  the 
cladding  is  thick  enough  these  imperfections  should  induce  no  additional 
signal  loss. 

Nd:YAG  fibers  clad  by  the  same  process  yielded  similar  results.  Again 
the  core/cladding  interface  observed  under  SE \A  seems  to  be  very  smooth.  The 
cladding  surface  was  free  of  defects,  probably  as  a  result  of  uninterrupted 
deposition  runs.  The  cladding,  typically  10  urn  thick,  appeared  somewhat 
brittle,  which  could  be  alleviated  by  annealing  the  clad  fibers  to  relieve 
residual  material  stresses. 

Sputtering  of  sapphire  (n  =  1.7)  on  Nd:YAG  fibers  yielded  unsatisfactory 
results  as  the  target  shattered  under  the  high-energy  impact  of  the  plasma 
beam.  Sapphire  sputters  very  slowly,  and  with  lower  energy  beams  deposition 
times  become  prohibitively  long. 

As  an  alternative,  high-index  glasses  can  be  advantageously  used  as 
cladding  materials,  as  they  offer  a  wide  range  of  optical  properties  at  very 
low  cost.  A  high-index  lead-doped  glass  (SF57)  (Reference  13)  was  selected 
because  of  the  similarity  of  both  its  refractive  index  (n  ~  1.82)  and 
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expansion  coefficient  with  that  of  Nd : YAG.  Another  important  property  of  this 
type  of  material  is  that  its  refractive  index  depends  on  the  cooling  rate 
applied  during  fabrication.  By  annealing  the  material  (above  ~  200°C  for 
SF57)  after  deposition  and  controlling  its  cooling  rate,  the  cladding  index 
can  be  tailored  to  any  desired  value. 

Attempts  at  ion-sputtering  SF57  glass  on  Nd:YAG  fibers  were  so  far 
unsuccessful  as  the  material  undergoes  significant  structural  damage  under  the 
impact  of  even  the  lowest  energy  plasma  beams.  Although  deposition  rates  on 
the  order  of  10  wm/hour  and  cladding  thicknesses  up  to  50  urn  were  obtained, 
microscope  investigation  of  the  fibers  clad  in  this  process  reveals 
inhomogeneous  layered  claddings  permeated  with  cracks. 

On  the  other  hand,  liquid  phase  deposition  of  high-index  glasses  on 
Nd:YAG  fibers  yielded  very  promising  results  while  providing  the  solution  to 
other  problems  as  well.  The  low  glass  melting  temperature  (~  400°C)  and  the 
similarity  of  its  expansion  coefficient  to  that  of  Nd:YAG  make  possible  the 
deposition  of  molten  glass  onto  Nd:YAG  fibers  without  affecting  the  crystal 
structure  or  introducing  critical  Internal  stresses.  A  first  cladding  method 
involved  dipping  the  fiber  into  a  melt  of  the  high-index  glass  and  slowly 
pulling  it  out.  To  center  the  fiber  in  the  cladding,  funnel-like  quartz 
crucibles  were  constructed  with  a  long  narrow  orifice  at  the  bottom  through 
which  the  fiber  is  pulled.  In  early  attempts  the  crucible  was  heated  with  a 
flame,  but  the  use  of  heating  wire  coiled  around  the  neck  and  main  frame  of 
the  crucible  greatly  improved  the  uniformity  of  the  melt.  Finally  a  motorized 
feed  was  used  for  greater  cladding  thickness  uniformity  and  reproducibility. 
Using  this  method,  fairly  thick  claddings  were  obtained,  on  the  order  of 
200  urn  (total  clad  fiber  diameter  ~  500  urn).  Very  few  small  bubbles  were  seen 
within  the  cladding,  but  none  near  the  fiber  core  where  they  would  be 
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detrimental.  Cladding  adhesion  and  strength  were  found  to  be  better  than  that 
of  sputtered  claddings.  However,  a  major  problem  was  encountered  in  that  the 
clad  fiber  was  often  bent  (radius  ~  100  cm)  probably  because  of  asymmetric 
stresses  associated  wth  a  less  than  ideal  centering  of  the  fiber  core. 
Annealing  did  not  cure  the  problem. 

To  circumvent  this  difficulty  a  second  method  was  developed  which 
involves  mounting  the  fiber  inside  a  capillary  tube  using  high-index  glass  as 
both  cladding  and  bonding  agents.  The  outside  diameter  of  the  tube  is  large 
enough  (>  3  mm)  to  facilitate  handling  and  subsequent  fiber  end  polishing. 
Early  attempts  used  flint  glass  tubes,  Nd : YAG  fibers  and  SF57  glass.  After 
firing  at  600°C  in  an  oven  (during  which  the  high-index  glass  melts  and  flows 
into  the  capillary)  and  cooling,  the  holder  ends  were  polished.  The  cross 
section  of  the  fiber  again  showed  very  smooth  fiber  edges  and  excellent  fiber 
end  flatness.  When  using  a  pyrex-glass  instead  of  flint  (which  somewhat 
softens)  the  holder  showed  after  curing  internal  cracks  due  to  a  strong 
thermal  expansion  mismatch.  Further  attempts  involved  Nd:YAG  holders,  the 
capillary  then  being  replaced  by  a  narrow  slot,  which  provides  a  perfect 
thermal  expansion  match  and  eliminates  the  slight  softening  of  the  holder 
observed  with  flint  glass.  This  process  now  enables  us  (a)  to  mount  single 
fibers  rigidly  and  permanently,  (b)  to  provide  a  suitable  cladding  to  the 
fiber,  (c)  to  eliminate  the  use  of  softer  epoxy  and  yield  better  quality  end 
polishing  (Figure  4(b)),  (d)  to  deposit  so-called  hard  AR-coatings  onto  the 
fiber  ends,  more  durable  than  the  currently  used  coatings  (see  Section 
IV-B-1),  and  (e)  to  apply  the  process  to  a  large  variety  of  single  crystal 
fibers.  We  believe  this  method  offers  by  far  the  most  satisfactory  solution 
to  clad  single  crystal  fibers,  and  with  only  minor  improvements  will  become 
the  future  standard  method  of  handling  and  processing  crystal  fibers. 
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SECTION  III 


THEORY  OF  MODAL  OVERLAPS  IN  LASERS 


A.  INTRODUCTION 

To  optimize  the  optical  interaction  in  optically  end-pumped  lasers,  it 
was  useful  to  study  from  a  theoretical  standpoint  the  effects  of  modal  spatial 
overlaps  on  the  laser  behavior.  Under  this  contract  an  analysis  was  therefore 
developed  using  the  general  formalism  of  mode  overlap  to  derive  very  general 
expressions  for  the  threshold  and  energy  conversion  efficiency  of  lasers  in 
both  guided  and  unguided  geometries.  This  analysis,  which  involves  the 
derivation  of  new  laser  equations,  has  the  advantage  of  providing  a  general 
solution  to  the  problem  of  pumping  laser  materials,  and  provides  results  that 
have  a  wide  scope  of  applications.  In  this  section  we  present  the  results  of 
this  analysis  pertinent  to  the  interpretation  of  the  observed  behavior  of  the 
experimental  bulk  and  fiber  lasers  reported  further  on.  We  refer  the  reader 
to  Appendices  A  through  D  for  a  more  complete  description  of  the  details  of 
these  calculations. 

In  the  following  we  shall  consider  a  four-level  laser  material  of  length 
x  placed  in  an  external  cavity  which  provides  optical  feedback  and 
oscillation  build-up.  This  laser  is  assumed  to  be  end-pumped  through  the  back 
mirror  by  an  optical  beam  of  wavelength  .  Our  analysis  is  divided  into 
three  major  sections.  The  first  one  addresses  the  general  case  of  arbitrary 
pump  and  signal  transverse  modes,  and  derives  general  expressions  for  the 
laser  single-pass  gain,  threshold  and  energy  conversion  efficiency.  It 
develops  the  background  to  the  last  two  sections,  in  which  results  are  applied 
to  the  case  of  free-space  (unguided)  lasers  and  fiber  (guided)  lasers.  Unless 
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otherwise  specified,  all  numerical  examples  treat  the  case  of  Nd:YAG,  using 
the  materials  parameters  listed  in  TABLE  2,  with  a  signal  and  pump  wavelength 
of  1.064  urn  and  0.5145  urn,  respectively. 

B.  GENERAL  FORMALISM 


In  a  pumped  laser  system,  the  distribution  functions  of  interest  are  the 
population  inversion  density  n(x,y,z)  ,  the  pumping  rate  per  unit  volume 
r(x,y,z)  ,  and  the  photon  density  of  the  i-th  mode  s^x.y.z)  .  They  are 
related  by  the  laser  rate  equations,  which  in  a  steady  state  may  be  written  as 
(Reference  14) 


m 


Si  is  the  total  number  of  photons  in  the  cavity  in  the  i-th  mode: 


(1) 


(2) 


fff  si  (x,y,z)  dv 


cavity 


where  o  and  are  the  laser  material  stimulated  emission  cross-section 
and  fluorescence  lifetime,  respectively,  while  c  is  the  velocity  of  light  in 
vacuum,  and  n^  is  the  medium  refractive  index.  6^  is  the  total  round-trip 
cavity  loss  of  the  i-th  signal  mode,  and  i  the  optical  cavity  length. 

Solving  Eq.  (1)  for  n(x,y,z)  and  inserting  the  result  in  Eq.  (2)  yields 
the  following  equation  describing  the  steady-state  total  number  of  signal 
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TABLE  2 


PHYSICAL  AND  OPTICAL  PROPERTIES  OF  NdrYAG 


Chemical  formula 

Nd:Y3Al5012 

Nd  atoms/cm^ 

1.38  x  102U 

Melting  point 

1970°C 

Laser  wavelength  stimulated  emission 

1.064  pm 

Cross-section  (@  1.06  urn) 

2. 7-8. 8  x  10‘19cm2 

Fluorescence  lifetime 

230  psec 

Index  of  refraction  (@  1.06  pm) 

1.8163 

Linewidth 

4.5  A 

Fluorescence  efficiency 

0.63 

Scatter  loss  coefficient 

~  0.002  cm”l 

27 


photons  Sj  In  the  i-th  mode: 


Ji(sl»S2»***) 


1 


2totf  R 


R  is  the  pumping  rate,  defined  via  the  normalized  pump  distribution 
function  rQ(x,y,z)  : 


(4) 


r(x,y,z)  =  R  •  rQ(x,y,z) 


(5) 


while  is  the  pump-to-signal  overlap  integral  in  the  presence 

of  all  other  signal  modes 


.  rrr  so.i  r0(x,y,z) 

lVSrS2'S3’**,)  "  JJJ  cot f  _ 


J  COTf  x"' 

cavity  1  + -  2^  Siso,i  (x,y’z) 

nl  i 


dv 


(6) 


where  sQj(x,y,z)  is  the  normalized  signal  distribution  of  the  i-th  mode 

S^x.y.z)  =  S.  s0>i  (x»y»z)  (7) 

Therefore 


/// 


r0(x,y,z)dv  = 


cavity 


Iff 


(>i(x,y,z)dv  =  1 


(8) 


cavity 


Equation  (4)  is  the  basic  expression  for  the  number  of  signal  photons  present 
in  the  cavity's  i-th  mode  in  the  presence  of  other  signal  modes.  Solving  it 
for  N  cavity  modes  (there  are  then  N  equations)  gives  the  number  of  photons 


28 


In  each  mode  at  a  given  pumping  rate,  as  well  as  their  dependence  on  the 
pumping  rate,  i.e.,  the  pump  threshold  and  conversion  efficiency  of  each  mode. 

Oscillation  of  a  single  mode  Sj  is  described  by  Eq.  (4)  with 
S n  “  S -  ...  “  0  ,  i.e.. 


J1<S1l 


61  1 


2loifR 


(9) 


where 


rrr  r 0(x,y ,z)  s  ^x.y.z) 
jjtSj)  =  J1(S1.0.0,...0)  -  JfJ  ^ - 


dv 


(10) 


cavity  1  + - Sj  s0ii(x,y,z) 


The  pumping  rate  required  to  reach  threshold  is  obtained  by  setting  Sj  =  0 
in  Eqs.  (9)  and  (10) ,  i.e. , 


where 


Rth,l 


Vl 


2*ot^ 


1 

J1(0,0,...0) 


(11) 


J1(0,0,...0) 


Iff 

cavity 


rQ(x,y,z)  so,i (x,y,z)dv 


(12) 


The  pumping  rate  is  related  to  the  absorbed  pump  power  pabs 


(13) 
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where  hv^  is  the  pump  photon  energy.  From  Eq.  (11)  the  pump  power  absorbed 
at  threshold  is  thus 


,  i!i 


0^  2£  Jj 


(0) 


(14K. 


Equivalently,  the  unsaturated  single-pass  gain  factor  of  the  laser  pumped  with 
an  absorbed  pump  power  P  ^  is 


Y 


★ 

Here  A 

P 


is  the  effective  pump  area,  given  by 


★ 


1 _ 

IJ,(0) 


(15) 


(16) 


★ 

while  PabsMp  Is  the  effective  (average)  pump  power  density  existing  along 

the  laser.  Alternatively  one  can  define  an  effective  pump  volume 
*  *  *  * 

Vp  =  *Ap  .  Both  quantities  A  p  and  Vp  are  mostly  functions  of  the  pump 

and  signal  modes.  We  shall  see  in  the  following  sections  that  it  is 

convenient  to  normalize  the  effective  pump  mode  area  to  the  fiber  active 

area  Af  in  the  case  of  a  fiber  laser,  and  to  the  average  pump  mode  area  T 

in  the  case  of  an  unguided  laser.  This  introduces  the  notion  of  filling 

factor  F  ,  defined  by 
vunm  J 


vynm 


(fiber  case) 


(unguided  case) 


(17) 

(18) 
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where  the  index  pairs  (v,u)  and  (n,m)  characterize  the  signal  and  pump 
modes,  respectively.  With  this  notation  the  laser  gain  factor  of  Eq.  (15)  may 
be  written  as 


Y 


Y  F 

o  vynm 


(19) 


where  yq  is  the  gain  that  would  be  expected  when  neglecting  the  signal  and 
pump  modal  overlap,  e.g.,  in  the  fiber  situation 


Y 


o 


OT  -  P  . 
f  abs 


(20) 


With  this  notation  the  effect  of  the  transverse  structure  of  the  interacting 

waves  is  described  by  a  single  additional  parameter,  namely  the  filling  factor 

F  .  This  factor  contains  all  the  information  pertaining  to  the  efficiency 
vpnm 

of  the  interaction  between  the  signal  mode  (v,y)  and  the  pump  mode 
(n,m)  .  We  will  see  that  in  practical  cases  the  F-coefficients  can  be 
accurately  computed  and  conveniently  tabulated.  Since  this  result  applies  to 
any  type  of  modes,  similar  tables  can  be  generated  for  a  variety  of  laser 
configurations.  Furthermore,  this  formalism  can  be  easily  extended  to  the 
case  of  a  laser  optically  excited  by  a  multimoded  pump.  Then  the  filling 
factor  entering  in  the  gain  expression  [Eq.  (19)]  is  replaced  by  the  weighted 
factor 


<F> 


E 


P  F 
nm  vpnm 


(21) 


nm 


where  p 


is  the  fraction  of  pump  energy  carried  by  the  pump  mode  (n,m)  . 


This  formalism  is  therefore  a  powerful  tool  which  greatly  simplifies  the 
analysis  of  the  gain  in  optically  pumped  single-mode  lasers  and  amplifiers. 
The  laser  output  at  a  pumping  rate  R  is  given  by 


hv 


Pout  =  T1 


2An, 


cS, 


(22) 


where  Tj  is  the  output  coupler  transmission,  assuming  the  other  mirror  is  a 
high-reflector  (HR,  T2  =  0).  Since  Eq.  (22)  involves  the  number  of  photons 
Sj  ,  solution  of  Eqs.  (9)  and  (10),  the  exact  dependence  of  the  cw  output 
power  P0ut  on  the  excitation  power  Pabs  is  expressed  in  a  rather 
complicated  mathematical  form  inappropriate  for  physical  understanding. 
However,  by  looking  at  limited  cases  such  as  near  threshold  and  far  from 
threshold  laser  operations,  one  can  derive  a  very  simple  and  accurate 
analytical  expression  for  this  dependence.  With  a  good  approximation  one  can 
write  the  overlap  integral  (Sj)  in  the  form  of  an  expansion  in  Sj  (see 
Appendix  A) 
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J^Sj) 


1 

Jx(0) 


COT  ^  S1 


nl  np 


(23) 


where  Op 


is  the  fraction  of  pump  power  carried  by  the  active  region: 


ip  =  fff  r0(x,y,z)dv  (24) 

active  region 

Eliminating  between  Eqs.  (22)  and  (23),  and  replacing  J^Sj)  and 
J^(O)  by  their  respective  expressions  as  a  function  of  the  absorbed  pump 
power  (Eqs.  (9)  and  (14),  respectively),  we  find  that  the  laser  slope 
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efficiency  is  simply 


s 


out 


<pabs  '  Pth) 


T.  hv 
1  s 


(25) 


Two  assumptions  were  made  to  derive  this  result  (see  Appendix  A).  The 
first  assumption  is  that  the  laser  is  operating  far  above  threshold.  However, 
comparison  of  exact  and  approximate  solutions  indicate  that  this  result  is 
also  valid  near  threshold  (see  following  sections).  The  second  assumption  is 
that  the  laser  conversion  efficiency  s  is  reasonably  large.  This  implicitly 
assumes  that  the  signal  and  pump  modes  are  reasonably  comparable  so  that  their 
spatial  overlap  is  relatively  efficient.  The  range  of  validity  of  this 
assumption  therefore  depends  on  the  laser  configuration,  in  particular  whether 
it  is  guided  or  unguided.  We  shall  see  in  the  following  sections  that  this 
range  is  rather  broad  in  most  practical  cases  of  interest,  and  includes  as 
expected,  the  region  of  maximum  laser  efficiency. 

Within  its  limits  of  validity,  Eq.  (25)  provides  a  simple  ard  powerful 
result.  It  states  that  as  long  as  the  signal  to  pump  spatial  overlap  is  good 
enough,  the  pump  to  signal  photon  conversion  process  is  relatively  independent 
of  the  modal  distributions  involved.  In  other  words,  provided  the  pump  and 
signal  photons  occupy  the  same  general  area,  the  probability  of  stimulated 
emission  is  large  enough  that  essentially  the  entire  inverted  population  is 
driven  to  the  ground  level  (which  again  implies  a  relatively  efficient  laser 
to  start  with,  and  in  particular  a  relatively  low  additional  cavity  loss 
<$o  -  Tj  ).  In  such  conditions  the  laser  slope  efficiency  [Eq.  (25)]  is 
proportional  to 
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(1)  Op  ,  the  fractional  pump  power  contained  in  the  active  region  of  the 
laser;  If  this  region  vanishes  no  active  material  is  available,  and 
no  output  power  is  expected.  Op  can  at  best  equal  unity. 

(2)  T^/6q  ,  the  ratio  of  output  'loss'  to  total  loss;  in  the  most 
favorable  case  (low  cavity  loss)  it  can  be  made  very  close  to  unity. 

(3)  hv^/hVp  ,  the  ratio  of  signal  to  pump  photon  energy  which 
constitutes  the  fundamental  limit  of  any  photon-to-photon  conversion 
efficiency. 

Another  important  result  is  that  Eq.  (25)  holds  for  any  pump  mode.  It  also 
holds  for  any  signal  mode  (as  long  as  it  is  the  only  oscillating  mode  in  the 
laser  cavity).  This  expression  is  therefore  a  powerful  result  which  applies 
to  any  single  mode  laser  regardless  of  the  pumping  configuration.  Note 
however  that  the  output  power  PQuj.  does  depend  on  the  pump  configuration  and 
pump  mode  through  the  threshold  Pt^  [Eq.  (14)].  Again,  the  laser  material 
properties  (0,^)  only  influence  the  threshold  of  oscillation,  but  not  the 
conversion  efficiency.  Consequently,  in  order  to  fully  characterize  the 
response  of  a  single-mode  laser  to  a  given  excitation  rQ(x,y,z)  and  pumping 
arrangement  the  only  overlap  integral  that  needs  to  be  evaluated  is  J^(0) 

[Eq.  (12)]. 

Finally,  to  provide  a  different  picture  of  this  result,  it  is  useful  to 

★ 

define  an  effective  signal  mode  area  A$  .  A  more  standard  expression  of  the 
slope  efficiency  of  a  laser  is  (Reference  15) 

s  ■  7  "p  T1  \  ‘sat*  <26> 

where 
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(27) 


301  p  _ 

6lf 

is  the  laser  material  saturation  intensity.  Replacing  Pth  by  its  expression 

★ 

as  a  function  of  the  pump  effective  area  Ap  [Eqs.  (14)  and  (16)]  and 
comparing  to  Eq.  (25)  leads  to 


(28) 


which  establishes  a  fundamental  relationship  between  A$  (the  effective  area 

★ 

which  saturates  the  gain  medium)  and  Ap  (the  effective  pumping  area).  Note 
that  the  same  result  would  have  been  obtained  if  we  had  neglected  modal 


overlaps  (plane  wave  case)  and  assumed  A 


A  =  A  at  the  outset, 
s 


C.  FREE-SPACE  LASERS 


As  a  first  application  of  the  above  theory  of  interest  to  the  work 
reported  here,  let  us  consider  the  case  of  a  free  space  (unguided)  laser.  The 
laser  configuration  is  specified  in  Figure  5.  We  assume  that  the  pump  beam, 
end-fed  into  a  (miniature)  laser  crystal  along  the  laser  cavity  axis,  is  a 
fundamental  Gaussian  beam  with  a  waist  Wp  .  Diffraction  causes  the  pump  beam 
to  expand  on  either  side  of  its  waist  so  that  its  radius  varies  along  the 
z-axis  of  the  crystal  as 


WpU) 


=  W 


1  + 


filial 

L,2 

71  Wp  n2 


12 


(29) 


where  A^  is  the  pump  wavelength  in  vacuum,  r\2  the  refractive  index  of  the 
crystal,  and  zp  the  location  of  the  pump  waist  inside  the  crystal 
(Figure  5).  Similarly,  the  signal  mode  has  a  TEMmn  Gaussian  distribution 
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INCIDENT  PUMP  BEAM  y  LASER  CRYSTAL  /PUMP  WAIST  LOCATION 
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Figure  5— Schematic  of  the  Gaussian  Pump 
Beam  inside  the  Laser  Crystal. 


Imposed  by  the  configuration  of  the  resonant  cavity.  For  all  modes  the  beam 
radius  at  z  is  given  by  an  expression  similar  to  Eq.  (29): 


W?(z) 


-  w; 


1  + 


Xs<z 


zs> 


IT  n2  Ws 


(30) 


where  Wg  ,  A^  and  z$  are  the  relevant  parameters  for  the  signal. 

Further,  we  assume  pump  and  signal  modes  are  coaxial  and  aligned  with  the 
z-axis  defined  by  the  resonant  cavity.  The  average  pump  beam  area  ft  inside 
the  crystal  is  approximated  by 


(31) 


where  is  the  average  pump  'earn  radius  along  the  crystal: 


■if 

J0 


Wp(z)  dz 


(32) 


Similar  quantities  can  be  defined  for  the  signal  mode. 

These  parameters  can  be  calculated  in  a  closed  form  using  Eqs.  (29)  and 
(30).  For  example,  for  the  fundamental  signal  mode  we  find  that,  assuming  its 
waist  is  located  at  the  center  of  the  crystal  (z$  ~  ~  */2)  : 


VT(1  +  e  ) 
s'  s' 


(33) 


with 


(34) 
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Following  the  definition  of  the  filling  factor  introduced  in  the  previous 
section,  F  m's  can  computed  for  a  few  pump  and  signal  modes.  Because 
of  the  simplicity  of  the  mathematical  description  of  Gaussian  modes,  they  can 
be  evaluated  in  a  closed  form  (see  APPENDIX  B).  For  example,  for  the  most 
important  case  of  a  TEMqq/TEMqq  configuration,  one  finds 


Foooo 


(35) 


where  Wp  is  the  average  pump  beam  radius,  calculated  in  the  same  manner  as 
Ws  [Eq.  (33)].  For  this  mode  configuration  the  effective  pump  area  is  [from 
Eq.  (18)] 


* 
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V*s 


(36) 


This  result  is  identical  to  that  derived  by  other  authors  in  a  slightly 
different  form  (Reference  14).  It  is  an  important  result,  which  was 
extensively  used  in  our  fiber  laser  threshold  analysis,  as  we  shall  see  in 
SECTION  C  of  this  report.  We  should  also  point  out  its  simplicity.  The 
computation  of  W$  and  ¥p  only  [Eq.  (33)]  is  required  to  determine  the 
efficiency  of  the  pump  and  signal  interaction  and  the  laser  threshold.  Of 
course,  similar  expressions  can  be  obtained  for  higher  order  signal  modes. 
For  example,  for  the  TEM01  mode  it  can  be  shown  that  the  filling  factor  is 
(see  APPENDIX  B) 


F0100 
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Returning  to  the  fundamental  case  of  a  TEMqq/TEMqq  configuration 
[Eq.  (36)],  a  number  of  interesting  comments  can  be  made.  First,  for  a  given 
signal  waist  radius,  the  smaller  the  average  pump  radius  Wp  the  higher  the 
overlap,  and  the  higher  the  gain.  Again  diffraction  limits  the  minimum 
average  radius  i7p  available  for  a  given  crystal  length,  index,  and  pump 
wavelength.  It  can  be  easily  shown  that  the  pump  waist  radius  Wp  that 
minimizes  Wp  is  (see  APPENDIX  B) 


Similarly,  for  a  given  pump  waist  radius  Wp  ,  the  smaller  the  average  signal 

radius  the  higher  the  gain.  In  a  signal  beam  focused  much  higher  than  the 

pump,  most  of  the  signal  photons  experience  amplification.  Of  course,  the 

smallest  size  of  the  signal  is  again  limited  by  diffraction,  which  appears  in 

the  expression  of  W$  as  the  quantity.  Clearly  there  is  a  value  of 

Ws  which  minimizes  W$  ,  and  optimizes  the  gain  (and  the  threshold)  for  a 

given  crystal  length  £  .  Note  that  W$  does  not  necessarily  optimize  the 

laser  output,  which  depends  on  the  saturation  level  as  well  as  the  gain. 

* 

We  show  in  Figure  6  the  dependence  of  Wp  on  Wp  as  calculated  from  the 
exact  form  of  the  filling  factor  (see  APPENDIX  B),  which  takes  into  account 
the  position  zp  of  the  pump  within  the  crystal,  and  of  the  fact  that  in  a 
single  pass  end-pumped  laser  the  gain  is  higher  on  the  pump  input  side  of  the 
crystal.  As  expected  the  effective  pump  radius  is  minimum  for  a  certain  pump 
waist  radius.  Note  also  that  the  gain  is  lower  when  the  pump  waist  is  located 
at  the  far  end  of  the  crystal  (zp  =  £)  than  when  it  is  at  the  near  end  of 
the  crystal  (zp  =  0)  .  It  is  optimum  when  zp  a  £/2  as  expected  for 
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EFFECTIVE  PUMP  RADIUS  (MICRONS) 


crystals  with  lengths  on  the  order  of  the  material  absorption  length 
=  1/aa  • 

The  accuracy  and  validity  of  the  approximation  made  to  derive  the  closed- 

form  of  the  laser  slope  efficiency  [Eq.  (23)]  was  estimated  in  the  present 

case  of  a  free-space  laser  by  comparing  it  to  the  exact  overlap  integral 

[Eq.  (12)].  It  shows  that  the  approximation  is  more  accurate  for  values  of 
—2  —2 

a  =  Wj/Wp  near  unity,  as  expected.  The  error  in  the  slope  efficiency  is  then 
less  than  a  few  percent.  This  is  illustrated  in  Figure  7,  which  represents 
the  slope  efficiency  of  a  NdrYAG  crystal  laser  (Tj  =  1%,  =  5%  , 

Xp  =  .5145  urn  ,  Xs  =  1.064  urn  ,  =  25  urn)  versus  pump  waist  radius.  When 

the  pump  is  focused  either  too  tightly  or  too  loosely,  ¥p  »  ( a  «  1)  , 

the  signal  misses  a  good  part  of  the  population  inversion,  and  the  efficiency 
drops.  As  expected,  maximum  conversion  efficiency  may  be  reached  only  when 
the  inverted  population  distribution  and  the  signal  mode  present  some  degree 
of  similarity.  For  this  particular  example,  the  agreement  with  the 
approximate  form  of  the  slope  efficiency  is  excellent  for  Wp  ranging  from 
about  10  to  50  um. 

The  laser  behavior  was  also  analyzed  far  above  the  TEMgg  threshold  where 
higher  order  modes  are  likely  to  break  Into  oscillation.  As  an  example  the 
threshold  of  TEMjg  in  the  presence  of  TEMgg  was  calculated  to  be 


Pth(TEM,„)  = 


Pth<TEM00> 


10' 


(f-) 


(38) 


10 


where  and  6  are  the  cavity  round-trip  losses  for  TEMgg  and  TEMjg, 
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o  p 

respectively,  and  a  the  same  ratio  W^/Wp  as  before.  It  appears  that  to 
reach  the  onset  of  TEM10  oscillation,  <*  must  satisfy 


a 


(39) 


while  the  ratio  6 10  9enera^  smaller  than  unity.  This  reflects  the 

fact  that  when  the  pump  area  is  much  larger  than  the  area  of  either  signal 
mode  (and  in  particular,  a  «  1)  ,  the  small  signal  gains  YyQ  and  Y^  of 
TEMqq  and  TEM10,  respectively,  are  expected  to  become  comparable.  In  such  an 
event,  as  the  pump  power  is  turned  up,  the  photon  density  due  to  TEMqq  does 
not  build  up  too  rapidly  and  does  not  saturate  the  gain  y.q  too  fast.  This 
situation  would  clearly  be  modified  in  favor  of  the  TEM10  mode  if  the  pump 
beam  was  offset  from  the  cavity  axis,  or  if  a  higher  order  pump  mode  was 
used.  Signal  modes  with  a  low  E-field  on  axis  (r  *  0)  such  as  TEMQ1  would 
then  be  favored  over  the  TEMqq  mode.  An  Important  conclusion  is  that  the 
control  of  the  pump  distribution  Is  elementary  to  single-mode  laser  operation, 
as  expected.  Controlled  pump  distributions,  as  opposed  to  the  highly 
multimoded  situation  occurring  In  most  commercial  solid  state  lasers,  should 
therefore  extend  the  single-mode  output  range  of  end-pumped  lasers  to  much 
higher  power  levels.  This  is  typically  done  in  commercial  lasers  by 
introducing  an  aperture  which  further  decreases  fiQQ/6nm  •  However,  in 
general  it  also  increases  4qq  and  reduces  the  laser  overall  efficiency. 


D.  FIBER  LASERS 


(1)  Fiber  Laser  Configuration 

In  this  section  we  consider  the  case  of  a  fiber  laser.  The  fiber  is 
assumed  to  have  a  step-index  profile  and  a  circular  geometry.  The  fiber  core 
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(index  n^  )  is  assumed  to  be  the  only  active  part  of  the  fiber.  The  core  is 
surrounded  by  a  cladding  of  Index  n2  (n2  <  n^)  infinite  in  the  radial 
dimension,  so  that  the  fiber  V-number  Is 


For  the  sake  of  simplicity  we  assume  the  fiber  is  weakly-guiding,  i.e.,  that 
its  numerical  aperture 

N.A.  =  (41) 

is  small  (N.A.  «  1).  The  fiber  guided  inodes  are  then  almost  linearly 
polarized  and  the  so-called  LP  mode  classification  can  be  advantageously  used 
(Reference  16).  We  also  assume  that  the  fiber  fills  the  entire  length 
i  of  the  optical  cavity,  so  that  all  optical  signals  remain  guided  throughout 
the  cavity. 

The  fiber  modes  used  for  overlap  computations,  labeled  LPnm  ,  have  been 
widely  studied  In  the  literature,  and  are  described  in  Appendix  C.  Their  mode 
power  density  distributions  are  described  by  two  mode  integer  numbers,  namely 
the  radial  mode  number  n  and  the  azimuthal  mode  number  m  . 

(2)  Fvunm  Coefficients 

Using  the  signal  [Eqs.  (C-2)]  and  pump  [Eqs.  C-5 ) ]  mode  densities 
described  in  Appendix  C,  the  filling  factors  were  computed  for  a  few  mode 
configurations  LPVjj /LPnm  •  From  the  basic  overlap  expression  [Eq.  (12)]  it 
readily  appears  that  only  pump  and  signal  modes  with  the  same  azimuthal 
dependence  will  interact  constructively.  In  the  following  we  will  therefore 
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2 

consider  only  modes  varying  as  cos  (v$)  (see  APPENDIX  C).  The  angular 
integration  can  then  be  done  easily: 


where 
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Because  of  the  complexity  of  the  mathematical  functions  involved,  and  unlike 

the  case  of  Gaussian  modes  of  the  previous  section,  the  radial  integrations 

can  not  be  expressed  in  a  closed  form,  and  were  analyzed  by  computer.  The 

dependences  of  F,  on  the  fiber  V-number  and  on  the  mode  number  were 
vunm 

investigated,  with  emphasis  on  the  behavior  of  Fqi s nm  of  interest  for 
fundamental  mode  laser  operation. 

In  Figure  8  we  show  the  computed  dependence  of  Fvynm  on  the  fiber 
V-number  for  a  few  low  order  pump  and  signal  modes  in  a  Nd:YAG  fiber  laser. 
For  each  curve  of  Figure  8  the  smallest  allowed  V-number  Vc  is  the  higher 
cutoff  value  of  the  mode  pair  LP  /LP  ,  below  which  one  of  the  modes 
does  not  propagate.  As  V  is  decreased  toward  Vc  ,  the  corresponding 
F-coefficient  decreases  at  first  slowly,  then  rapidly,  to  vanish  at  V  =  Vc  . 
This  result  stems  from  two  facts.  First,  as  one  of  the  modes  reaches  cutoff, 
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Figure  8-Variation  of  a  few  Fvynm  Coefficients  with  the 
Fiber  V-Number  (at  the  Signal  Frequency). 
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it  starts  spreading  outward  into  the  fiber  cladding,  and  less  and  less  energy 
is  involved  in  the  active  region.  Second,  the  energy  density  of  this  mode  in 
the  active  region  decreases,  to  vanish  at  cutoff.  For  V-numbers  large 
compared  to  Vc  the  F-coefficients  rapidly  converge  to  asymptotic  values  only  as 
function  of  the  two  interacting  modes.  This  behavior  stems  from  the  fact  that 
when  both  modes  are  far  above  cutoff  their  power  density  distributions  become 
essentially  independent  of  the  fiber  V-number,  and  so  does  their  overlap. 

Since  this  convergence  is  rather  rapid,  in  a  practical  situation  involving  a 
large  V-number  fiber  laser  all  low-order  FVlJnm  may  be  replaced  by  their  far- 
from  cutoff  limit  with  a  good  approximation.  The  filling  factors  are  then 
universal  numbers  independent  of  the  pump  and  signal  frequencies  and  of  the 
fiber  geometry  (provided  it  has  a  step-index  profile),  and  are  only  a  function 
of  the  mode  numbers. 

TABLE  3  gathers  the  large-V  limit  of  filling  factors  computed  for  a  few 

low  order  pump  modes.  For  a  fundamental  signal  mode  ( LPqi )  pumped  with  a 

fundamental  pump  mode,  the  F-coeff icient  is  Fq^qi  =  2.098  ,  i.e.,  the 

* 

effective  pump  mode  area  entering  in  the  expression  of  the  laser  gain 
[Eq.  (17)]  is  approximately  half  the  area  of  the  fiber  core.  When  pumped  with 
higher  order  modes,  it  can  be  shown  that,  as  was  intuitively  expected,  the 
corresponding  overlap  with  signal  is  reduced.  On  the  other  hand, 

F-coefficients  and  therefore  larger  gains  are  expected  for  higher  order  mode 

configurations  of  the  type  LPnm/LPnm  as  a  result  of  the  larger  signal  and 

power  densities  and  well-matched  distributions.  In  fact,  for  this  far-from- 
cutoff  limit  and  configuration  the  pump  and  signal  modes  have  the  exact  same 

spatial  distributions.  The  symmetry  of  the  matrix  array  given  in  TABLE  3  is 

also  worth  mentioning.  In  the  far  from  cutoff  region  the  guided  inodes  are 
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TABLE  3 


ASYMPTOTIC  VALUES  (V  -*■  »)  OF  THE  MODAL  OVERLAPS  F 

vunm 

FOR  A  FEW  LOW  ORDER  SIGNAL  AND  PUMP  MODES 


^  SIG.  — ► 
PUMP  ^ 

01 

02 

11 

12 

01 

2.098 

1.800 

1.435 

1.677 

02 

1.800 

2.743 

.9422 

1.576 

11 

1.435 

.9422 

2.327 

1.681 

12 

1.677 

1.576 

1.681 

2.943 
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independent  of  wavelength,  so  that  the  overlap  between  these  modes  is 
invariant  under  a  commutation  of  modes: 

-  Fnmvu  <v»vc>  •  <44> 

This  property  can  be  usefully  invoked  to  reduce  computation  time  and  the 
volume  of  tabulated  data. 

It  is  also  interesting  to  look  at  the  general  evolution  of  FVunm  as  the 
mode  numbers  are  increased.  In  Figure  9  we  show  five  series  of  coefficients, 

namely  F010m  »  F011m  »  F012m  »  F015m  and  F018m  computed  for  m  =  1  to 
m  =  30  ,  all  pertaining  to  the  important  case  of  a  fundamental  signal  mode. 
From  these  curves  a  number  of  interesting  observations  can  be  made.  First, 
the  largest  possible  overlap  occurs  with  the  fundamental  pump  mode,  with 
F0101  =  2*0983  •  1°  this  configuration  the  interaction  mode  distributions  are 

as  well -matched  as  can  be.  Second,  for  a  fixed  n  (n  *  0)  the  F0jnm 
coefficients  increase  with  increasing  m  .  This  behavior  arises  from  the  fact 
that  the  distribution  of  an  LPnm  mode  has  a  maximum  near  the  fiber  axis  (r  = 
0)  ,  and  that  this  maximum  increases  with  increasing  m  ,  as  shown  in  Figure 
C-l  (see  APPENDIX  C).  Since  the  signal  mode  LPqi  has  a  broad  maximum  near 
r  =  0  ,  the  overlap  with  an  LPnm  mode  increases  with  increasing  m  .  Third, 
the  F0jnm  coefficients  have  a  finite  asymptotic  value  for  large  m  ,  and 
this  value  is  independent  of  n  (for  n  <  m  ).  To  understand  this  property 
we  looked  at  the  fractional  energy  carried  by  an  LPnm  mode  between  r  =  0 
and  r  =  r0  as  a  function  of  r0  (Figure  10).  For  large  enough  values  of 
m  ,  this  energy  increases  almost  linearly  with  rg  ,  regardless  of  the  value 
of  n  .  For  high  order  fiber  modes  each  modal  ripple  (see  Figure  C-l)  carries 
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Figure  10--Fractional  Modal  Energy  Contained  between  r  =  0 

and  r  =  rn  as  a  Function  of  rn  for  a  few  LP-Modes- 


nearly  the  same  energy.  Their  overlap  with  a  given  mode  (here,  LPqi  )  is 
therefore  expected  to  converge  to  a  finite  value  independent  of  m  or  n  ,  as 
observed.  Finally,  this  asymptotic  value,  equal  to  1.7568,  is  reached  even 
more  rapidly  when  n  is  small.  For  all  practical  purposes,  for  n  <  10 
the  F01nm  coefficients  take  this  value  for  m  £  10  -  20  .  The  above 
conclusions,  of  course,  apply  to  any  F  m  series  with  fixed  values  of 
v  and  u  . 

To  estimate  how  large  the  FVynm  coefficients  can  be,  we  also  looked  at 
overlaps  involving  higher  order  pump  and  signal  modes.  To  maximize  these 
overlaps  we  considered  interaction  between  Identical  modes  by  computing 
coefficients  of  the  type  Fnmnm  .  In  Figure  11  such  series  are  plotted 
versus  m  for  several  values  of  n  .  The  asymptotic  branches  (m  ®)  now 
go  to  infinity,  since  the  peak  value  (near  r  *  0  )  of  the  LPnm 
distributions  Increases  Indefinitely  with  m  (see  Eq.  (C-3) 

The  above  results  are  quite  useful  as  they  provide  a  clearer  and  more 
complete  picture  of  the  originally  complex  aspect  of  mode  interaction  in  a 
multimoded  fiber  laser.  As  far  as  LPqj  signal  operation  is  concerned, 

LPnm  pump  modes  (with  m  »  n  )  should  be  reasonably  efficient  and  provide  a 
threshold  only  30%  larger  than  the  lowest,  LPgj-pumped  threshold  (see 
Figure  9).  For  higher  order  signal  mode  operation,  analysis  shows  that 
Fnmnm  r*nge  from  3  to  6  for  reasonably  large  m  .  In  situations  where 
running  the  fiber  laser  on  a  low  order  signal  mode  is  not  essential  it  would 
be  advantageous  to  go  to  as  high  a  mode  order  as  possible  and  benefit  from  a 
threshold  many  times  lower  (see  Figure  11).  However,  in  a  practical  device 
the  higher  loss  experienced  by  these  modes  will  have  to  be  taken  into  account, 
together  with  the  resulting  slope  efficiency. 
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ion  of  a  few  Overlap 


A  last  case  of  Interest  Is  that  of  a  fiber  laser  In  which  the  pump  Is 
distributed  among  a  large  number  of  guided  modes.  This  situation  may  arise  In 
particular  when  the  fiber  laser  Is  excited  by  a  Lambertian  source  (such  as  an 
LED)  or  a  strongly  diverging  source  (such  as  an  LD).  In  this  highly 
multimoded  configuration  we  Intuitively  anticipate  the  pump  mode  density  to  be 
nearly  radially  uniform  across  the  fiber  core,  and  nearly  zero  in  the 
cladding.  For  large  enough  V-numbers  (say,  V  >  10  -  20)  It  can  be  shown 
that  the  pump  distribution  can  be  approximated  by  a  simple  (normalized)  square 
profile  ru(r)  ( ' u '  standing  for  uniform)  Independent  of  the  azimuthal 
direction  <}>  : 

for  r  *  a 

(45) 

for  r  >  a 

In  a  fiber  laser  excited  In  such  a  manner  the  Inverted  population  distribution 
follows  the  step-index  profile  of  the  fiber.  The  overlap  with  any  signal  mode 
LPy^  ,  characterized  by  the  coefficient  F^  ^  ,  can  easily  be  calculated  from 
Eq.  (12),  yielding  the  simple  result 


ru(r) 


7 


F 


vu  ,u 


(46) 


where  ns  Is  the  fraction  of  signal  energy  contained  in  the  fiber  core.  For 
signal  modes  reasonably  far  from  cutoff,  n  ■  1  and  the  F-coefflcient  is 
approximately  mode-independent  and  equal  to  unity.  As  expected,  all  modes 
with  a  reasonably  good  confinement  experience  the  same  gain.  Note  that 
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Fyj  u  is  about  half  the  maximum  anticipated  value  (Fq101  =  2.098)  which 
occurs  with  an  LPQ1  pump  mode.  Consequent^,  the  threshold  of  a  fiber  laser 
running  in  the  fundamental  mode  is  expected  to  be  doubled  by  going  from  a 
fundamental  pump  mode  to  a  highly  multimoded  pump  distribution.  This  simple 
analysis  therefore  shows  that  although  the  use  of  a  fundamental  pump  mode  is 
desirable,  it  only  provides  a  factor  of  two  improvement  over  the  multimoded 
pump  configuration. 

(3)  Threshold 

From  the  definition  of  A*  [Eq.  (17)]  we  can  write  the  laser 
threshold  condition  [Eq.  (14)]  as 


hv  6 
P  vu  _ 

ot  .  2  F 


vunm 


(47) 


The  dependence  of  the  threshold  on  the  modal  overlap  is  entirely  contained  in 
the  coefficient  F„  ,  which  has  been  studied  in  the  previous  section.  The 
dependence  on  the  V-number  Involves  both  FVlinm  and  the  loss  factor  6vy 
(which,  for  a  given  mode  (v )  does  depend  on  V  ).  Because  of  its  complexity 
this  last  dependence  is  not  considered  here.  Of  greater  Interest  to  the 
present  work  is  the  dependence  of  the  threshold  on  the  fiber  core  radius. 
Intuitively,  since  the  laser  gain  grows  as  the  pump  power  density  and 
therefore  as  the  reciprocal  of  the  fiber  active  area,  it  should  be  Interesting 
to  attempt  reducing  the  fiber  diameter.  However,  two  other  factors  also 
contribute  to  this  dependence:  (1)  the  F  coefficients  and  (2)  the 
absorption  of  the  pump  by  the  fiber.  This  last  contribution  stems  from  the 
fact  that  for  small  enough  core  sizes,  the  pump  mode  is  near  cutoff,  part  of 
its  energy  is  external  to  the  fiber  active  area  (core)  and  is  not  absorbed. 
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To  take  this  effect  into  account  it  is  actually  more  relevant  to  refer  to  the 
incident  power  threshold,  1,e.,  the  pump  power  coupled  into  the  fiber  laser 
at  z  =  0  at  threshold.  It  can  be  easily  derived  from  Eq.  (47)  and  shown  to 
be: 


th.inc 


hv  6 
=  _P 


ox , 


vu  Mf  / 

2  F  ' 
vunm 


(«> 


where  the  plane-wave  absorption  coefficient  a  has  been  replaced  by  the 

Q 

effective  coefficient 


a* 

a 


n  a 
P  a 


(49) 


where  np  is  the  fraction  of  pump  energy  contained  in  the  fiber  core 
[Eq.  24)].  For  large  enough  fiber  cores  the  pump  mode  is  far  above  cutoff, 
n  a  1  and  a'  *  a  ,  as  assumed  so  far.  Conversely,  when  the  pump  ..ode  is 

p  a  a 

near  cutoff  (small  core),  the  fraction  of  pump  energy  absorbed  vanishes. 

Taking  all  three  contributions  Into  account,  the  incident  pump  power 
threshold  of  a  fiber  laser  for  a  given  pair  of  modes  Is  expected  to  vary  as 
follows.  For  large  core  radii,  the  modal  overlap  and  effective  absorption 
coefficient  are  independent  of  a  ,  and  the  only  dependence  comes  from  the 
pump  power  density.  The  threshold  grows  quadratical ly  with  a  .  For  very 
small  core  radii,  the  overlap  and  core  area  vanish,  but  so  does  the  effective 
absorption  coefficient.  We  actually  expect  the  combination  of  these  three 
effects  to  give  an  infinite  threshold  as  a  ♦  0  since  in  the  absence  of  an 
active  medium  the  gain  vanishes.  Consequently  a  minimum  threshold  is  expected 
for  some  optimum  core  radius  aopt  . 


This  behavior  is  exemplified  in  Figure  12  for  an  LPqi/LPqj 
configuration.  Note  the  parabolic  growth  of  the  threshold  for  a  >  aQpt  ,  and 
the  rapid  increase  in  threshold  when  the  pump  mode  reaches  cutoff 
(a  <  aopt).  For  practical  fiber  numerical  apertures  (N.A.  ~  .08  -  .23),  the 
optimum  core  radius  aQpt  which  minimizes  the  fiber  laser  threshold  is  in  the 
range  of  1.3  to  3.4  urn.  However,  they  all  correspond  to  a  fiber  V-number  at 
the  signal  wavelength  of  Vopl  *  1.7  (despite  the  fact  that  Pth,inc  1S  not 
a  function  of  V  only). 

It  is  interesting  to  compare  Vopt  to  the  value  Vmax  which  maximizes 
the  (average)  pump  intensity  in  the  fiber,  approximately  V  “1.1  in  a 
step-index  fiber  (Reference  17).  As  expected  Vopt  and  Vmax  are  of  the 
same  order  of  magnitude.  Vopt  also  depends  slightly  on  the  pump  wavelength 
( Vopt  *  1,9  at  Ap  =  810  nm)  but  ’s  a1wa*s  in  the  ran9e  of  1  -  3.  It  does 
not  depend  on  the  laser  properties  of  the  material  (o,tf)  ,  and  depends  only 
slightly  on  the  absorptive  properties  of  the  fiber  (a  x)  in  the  practical 

a 

situation  ~  1  .  For  mode  configurations  other  than  LPqj/LPqj  the  value 
of  Vopt  is  expected  to  be  larger  (since  the  energy  density  of  higher  order 
modes  is  maximum  at  larger  V-numbers)  and  would  have  to  be  computed 
indi w  t  dual ly. 

Although  the  above  analysis  does  not  take  into  account  the  dependence  of 

the  cavity  loss  and  of  the  pump  launching  efficiency  on  the  core  dimension,  it 

still  shows  that  the  choice  of  core  size  is  elementary  in  the  design  of  a 

fiber  laser.  In  fiber  lasers  with  a  well -chosen  core  radius  (a  ~  a  „)  the 

'  opt7 

optical  gain  per  unit  pump  power  is  so  large  that  even  in  a  556  round-trip  loss 
cavity  the  laser  threshold  is  very  low,  in  the  10  -  50  uwatts  range  for  Nd:YAG 
(Figure  12).  The  existence  of  an  optimum  V-value  range  also  makes  it 
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Figure  1 2-- Dependence  of  the  Fiber  Laser  Threshold  on  Core 
Radius  in  the  LPm/LPnl  Mode  Configuration. 


convenient  to  estimate  the  optimum  fiber  laser  configuration  (assuming  LPqj 
modes).  For  example,  in  a  Nd:YAG  fiber  with  N.A.  =  .2  and  pumped  at 
Ap  =  810  nm  ,  the  lowest  threshold  would  be  obtained  with  aopt  “  1.2  pm  . 
Since  the  design  of  a  laser  can  not  be  complete  without  the  analysis  of  its 
slope  efficiency,  we  postpone  further  discussions  to  a  later  section. 

(4)  Slope  Efficiency 

As  mentioned  earlier,  the  power  output  Pout  of  a  fiber  laser  at  a 
given  pumping  rate  [Eq.  (22)]  is  proportional  to  the  total  number  of  signal 
photons  in  the  cavity  S^  ,  as  per  solution  of  Eqs.  (9)  and  (10).  In 
Figure  13  we  show  the  dependence  of  Pout  on  the  pump  power  absorbed  by  the 
fiber  active  medium  Pabs  for  a  few  values  of  the  cavity  loss  6  for  the 
(LPgi ,LPqi)  mode  configuration.  Solid  curves  are  exact  solutions  obtained 
from  Eq.  (10)  by  computer  simulation.  Dashed  curves  were  computed  from  the 
approximate  form  of  the  slope  efficiency  [Eq.  (25)].*  As  expected,  the  exact 
dependence  of  Pout  on  Pflbs  is  very  nearly  linear.  More  specifically,  it 
can  be  shown  that  the  slope  efficiency  increases  slightly  as  the  laser  is 
pumped  harder.  However,  it  does  not  increase  by  more  than  ~  20%  from  just 
above  threshold  to  very  far  above  threshold.  Comparison  of  the  exact  and 
approximate  solutions  (Figure  13)  indicates  that  the  approximation  (developed 
in  APPENDIX  A)  is  quite  accurate  and,  as  stated,  is  valid  everywhere  above 
threshold.  The  discrepancy  between  exact  and  approximate  predictions  is 
small,  between  5%  and  10%  in  the  example  of  Figure  13.  As  anticipated  this 
discrepancy  is  smaller  for  higher  efficiencies. 

The  dependence  of  the  slope  efficiency  of  a  fiber  laser  on  the  fiber 
V-number  is  shown  in  Figure  14  in  the  important  case  of  a  fundamental  signal 
mode  (LPQ1)  and  different  pump  modes.  We  find  again  that  just  like  for  the 
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Figure  14--Slope  Efficiency  Dependence  on  the  Fiber  V-Number 
for  an  LPg^  Signal  Mode  and  Various  Pump  Modes. 
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Fvynm  coefficients,  the  slope  efficiency  increases  rapidly  from  zero  at 

V  ~  V  (pump  cutoff,  no  pump  energy  involved  in  the  fiber  core)  to  an 

V 

asymptotic  value  at  V  »  Vc  (where  the  mode  profiles  no  longer  depend  on 

V  ).  This  asymptotic  value  agrees  well  with  the  slope  efficiency  given  by  the 
approximate  form  of  Eq.  (25). 

Finally,  as  mentioned  concerning  free-space  lasers,  we  find  that  in 
fairly  efficient  lasers,  the  slope  efficiency  does  not  depend  on  the  modes 
involved  for  modes  sufficiently  far  from  cutoff.  Under  such  conditions  the 
relative  confinement  provided  by  the  fiber  core,  combined  with  the  large 
probability  of  stimulated  emission,  guarantees  efficient  stimulated  relaxation 
of  most  of  the  inverted  population  regardless  of  the  exact  photon 
di stributions. 

(5)  Fiber  Laser  Design 

Combining  the  results  of  the  two  previous  sections  allows  one  to 
make  the  best  choice  of  core  radius  in  the  design  of  a  low  threshold,  high 
slope  efficiency  fiber  laser.  A  compromise  must  be  made  between  low  threshold 
(ideally  a  core  radius  of  a  few  micrometers)  and  high  slope  efficiency  (a  core 
radius  of  at  least  10  -  20  urn,  depending  on  the  pump  mode).  In  the 
fundamental  case  of  LPqj  modes.,  and  for  the  parameters  used  in  our  example, 
the  optimum  value  is  in  the  range  of  8  to  10  urn,  or  a  V-number  of  6  to  8. 

For  practical  reasons  which  will  become  apparent  in  later  sections,  it 
may  be  difficult,  at  least  for  some  materials,  to  fabricate  fibers  with 
diameters  much  smaller  than  about  40  urn.  In  other  cases,  such  as  Nd:YAG,  it 
is  possible  to  fabricate  fibers  as  small  as  15  urn  in  diameter,  but  handling 
difficulties  may  then  require  the  use  of  larger  fibers.  It  may  also  be 
preferable  to  use  slightly  larger  diameter  fibers  and  benefit  from  reduced 


surface  scattering  losses  (Reference  6).  However,  in  such  cases  going  to  a 
somewhat  larger  fiber  size  does  not  significantly  degrade  the  laser 
performance.  Reference  to  Figure  12  shows  that  by  going  from  an  optimum  10  urn 
core  radius  to  a  20  urn  radius,  the  fiber  laser  only  requires  an  additional 
0.5  mW  to  reach  threshold,  while  the  slope  efficiency  remains  nearly 
unchanged.  In  the  present  example  of  a  -  10%  efficient  laser,  this  0.5  mW 
only  results  in  a  50  uW  reduction  of  the  laser  output  power.  In  a  laser  with 
a  maximum  efficiency  (~  48%)  it  would  still  represent  an  output  reduction  of 
only  250  uW.  Consequently,  a  40  -  50  urn  core  diameter  fiber  laser  will 
perform  with  essentially  the  same  overall  efficiency  as  an  optimized 
16  -  20  urn  diameter  laser.  Furthermore,  since  in  general  fiber  propagation 
losses  are  also  reduced  by  increasing  the  fiber  core  size,  in  a  practical 
situation  the  optimum  core  size  will  be  somewhat  larger  than  that  predicted  by 
the  present  model . 

As  similar  curves  can  be  generated  for  any  mode  configurations  and  cavity 
parameters,  it  is  a  relatively  simple  matter  to  design  the  optimum 
configuration  in  any  situation.  However,  in  the  fundamental  case  of  LP01 
pump  and  signal  modes,  the  above  results  are  typical.  As  a  rule  of  thumb,  a 
fiber  with  a  V-number  in  the  range  of  5  to  25  will  yield  the  best  results. 

(6)  Summary 

For  easy  reference  we  briefly  summarize  below  the  major  results  of 
this  theoretical  section  pertaining  to  the  behavior  of  fiber  lasers.  We  have 
shown  that 

•  The  gain  factor  in  a  guided  fiber  laser  can  be  written  in  essentially 

the  same  form  as  in  a  free-space  laser  (Eq.  19); 
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•  The  effective  pump  mode  area  required  to  calculate  this  gain  factor  is 
proportional  to  the  fiber  core  area,  and  the  proportionality  constant 

F„  is  only  a  function  of  mode  numbers  for  V  >  10  ; 

•  The  Fyppm  can  be  easily  tabulated; 

•  The  F-coefficient  is  only  half  its  maximum  value  when  the  pump  is 

uniformly  distributed  across  the  fiber  core  instead  of  being  in  the 

LP01  mode; 

•  The  fiber  laser  power  output  grows  linearly  with  absorbed  pump  power; 

•  The  slope  efficiency  can  be  written  in  a  simple,  accurate  form  and  can 

be  easily  calculated  [Eq.  (25]; 

•  For  far  from  cutoff  pump  modes,  the  slope  efficiency  is  independent  of 
the  V-number  and  of  the  pump  mode. 

•  The  overall  laser  efficiency  is  optimized  in  a  fiber  with  a  V-value  of 
6-8,  although  in  practical  situations  values  up  to  -  25  will  give 
similar  results. 
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SECTION  IV 


ARGON-LASER  PUMPED  Nd : YAG  LASERS 

We  describe  in  this  section  work  on  cw  Nd : YAG  lasers  end-pumped  at 
0.5145  pm.  In  SECTION  A  we  present  the  results  obtained  in  unguided  miniature 
Nd:YAG  lasers  made  of  a  small  crystal  rod  placed  in  an  external  optical 
cavity.  In  SECTION  B  we  report  cw  oscillation  of  a  number  of  Nd:YAG  fiber 
lasers  of  different  geometry,  and  their  characterization.  Emphasis  is  put  on 
the  guiding  properties  of  these  devices,  and  on  the  sources  of  residual 
loss.  These  subjects  will  be  addressed  in  further  detail  in  SECTION  VI  after 
description  of  the  results  obtained  with  laser  diode  pumped  fiber  lasers 
(SECTION  V). 

A.  MINIATURE  BULK  LASERS 
1.  Laser  Configuration 

Experiments  on  bulk  lasers  involved  small  commercial  crystals  of  Nd: YAG 
as  an  active  material,  placed  in  an  external  optical  cavity.  A  schematic  of 
the  experimental  arrangement  is  shown  in  Figure  15.  The  pump  beam  at 
Ap  *  5145  A  was  produced  by  a  cw  argon-1 :>n  laser  (Coherent  CR-6)  with  a 
maximum  output  power  at  that  wavelength  between  0.5  and  1.0  watt  depending  on 
laser  conditions.  The  laser  beam  was  transformed  by  a  spherical  lens  so  as  to 
match  the  fundamental  mode  of  the  laser  cavity  at  the  signal  wavelength 
(A  =  1.064  pm).  The  cavity  itself  was  formed  by  two  high  reflecting  short 
radius  mirrors  (Reference  18).  The  optical  signal  coming  out  of  the  cavity 
was  separated  from  the  residual  pump  signal  by  a  1.064  pm  spike  filter  and  a 
high-pass  (color)  filter.  The  output  of  Nd : YAG  lasers  was  observed  with  an 
infrared  camera  (not  represented). 
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In  all  experimental  arrangements  Involving  bulk  crystals,  both  cavity 
mirrors  had  a  radius  of  curvature  of  R  *  10  cm  ,  with  respective 
reflectivities  of  99,9%  and  99.5%  or  95.0%  at  1.064  urn.  Both  mirrors  were 
about  89%  transmitting  at  the  pump  frequency.  The  cavity  length  was 
typically  L  *  10  mm  ,  i.e.,  only  slightly  longer  than  the  crystal  itself. 

From  these  data,  the  calculated  radius  of  the  signal  beam  waist  supported  by 
the  cavity,  which  is  located  at  the  center  of  the  cavity,  is  64.5  urn. 

A  schematic  of  the  optical  cavity  is  shown  in  Figure  16.  Each  mirror  was 
placed  in  a  giinbal  mount  provided  with  two  orthogonal  tilt  angle 
adjustments.  The  gimbal  mounts  were  mounted  on  separate  translation  stages 
for  adjustment  of  the  length  of  the  cavity.  The  assembly  was  secured  on  a 
mounting  platform,  itself  attached  to  a  three-axis  translation  stage  to 
position  the  optical  cavity  with  respect  to  the  pump  beam.  The  pump  beam 
could  be  steered  with  respect  to  the  axis  of  the  cavity  by  two  independent 
mirrors,  although  It  was  mostly  stationary.  The  Nd: YAG  crystal  was  placed  on 
a  pedestal  in  the  center  of  the  optical  cavity. 

Before  use  in  the  cavity,  the  end  faces  of  the  Nd:YAG  crystal  were  first 
polished  and  then  anti -reflection  (AR)  coated  for  X  =  1.064  urn  using  in- 
house  facilities.  Anti -reflect! on  coating  is  necessary  because  Fresnel  losses 
at  the  Nd:YAG/air  Interfaces  are  significant  (~  8.5%  per  face)  and  may 
increase  the  threshold  pump  power. 

2.  Laser  Characterization 
(a)  Nd:YAG  Crystals 

A  total  of  four  different  crystals  were  used  to  characterize  bulk 
Nd:YAG  lasers,  numbered  1  through  4.  Their  dimensions  and  the  pump  wavelength 
at  which  they  were  tested  are  summarized  in  TABLE  4  (the  last  dimension  is 
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taken  along  the  cavity  axis).  Crystal  #2  was  found  early  to  have  a  defective 
AR-coating  (the  only  coating  which  was  performed  by  outside  facilities),  and 
was  subsequently  abandoned  for  crystals  #1  and  #3. 


TABLE  4 

Nd : YAG  CRYSTALS  DATA 


Crystal  Number 

Dimensi  on 

(mm) 

X 

P 

(urn) 

#1 

1  x  1  x  7.5 

0.5145 

#2 

3  x  8.0 

0.5145 

#3 

1  x  1  x  7.5 

0.5145 

#4 

6  x  2  x  4.0 

-  0.825/ 
0.5145 

(b)  Output  Measurements 

Laser  action  of  miniature  NdrYAG  bulk  lasers  pumped  at  0.5145  urn  was 
successfully  obtained  in  three  crystals  (see  TABLE  4),  two  of  which  showed 
very  good  performance.  Routine  alignment  of  the  cavity  proceeded  by  using  the 
pump  beam  as  a  probe  in  a  standard  fashion.  Alignment  of  the  back  reflected 
beams  with  the  incident  beam  led  to  the  typical  flickering  of  the  pump  light 
resonating  in  the  cavity.  Lasing  action  was  then  observed  at  higher  pump 
power.  The  threshold  was  then  reduced  by  refining  the  mirror  alignment.  It 
was  found  that  the  configuration  described  above,  which  uses  in-house  designed 
gimbals,  lent  itself  quite  well  to  an  easy  alignment  of  the  laser. 
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Absolute  measurements  of  the  output  power  of  these  lasers  were  done  by 
recording  the  output  power  for  increasing  pump  power.  Measurements  of  both 
the  signal  and  the  pump  power  incident  on  the  focusing  lens  (see  Figure  15) 
were  performed  with  a  power  meter  (Reference  19)  calibrated  at  0.5145  urn  and 
1.064  pm.  The  relative  amount  of  pump  power  absorbed  by  the  crystal  was 
generally  estimated  in  each  particular  case  by  measuring  the  transmission  of 
each  individual  optical  element  and  the  Fresnel  reflection  from  the  crystal 
faces.  The  measured  value  was  always  consistent  with  an  absorption 
coefficient  a  -  0.6  cm"1  in  agreement  with  published  values  and  other 

Q 

measurements.  For  a  crystal  length  of  about  8  mm,  the  ratio  Pabs /P^ nc  of 
the  absorbed  pump  power  to  the  power  incident  on  the  focusing  lens  was  in 
general  on  the  order  of  30%,  while  about  38%  of  the  power  launched  into  the 
crystal  was  absorbed. 

All  pout  vs  pabs  curves  showed  a  good  linearity.  This  is  illustrated 
in  Figures  17  and  18  which  show  the  output  power  curves  of  crystals  #3  and  If  1, 
respectively,  using  either  a  0.5%  or  5%  transmission  output  coupler.  With 
crystal  #3  (Figure  17),  the  slope  efficiency  with  the  0.5%  output  coupler  was 
10. 5%,  while  the  threshold  was  about  7  mW.  As  expected,  more  energy  was 
extracted  from  the  crystal  by  using  a  5%  output  coupler,  which  yielded  an 
increased  threshold  (~  17  mW)  but  a  much  larger  efficiency  of  38%.  Crystal  #1 
yielded  even  better  results  (see  Figure  18),  probably  as  a  result  of  a 
slightly  better  crystal  quality  (the  crystals  were  cut  from  a  boule  which  was 
not  necessarily  homogeneous)  and/or  better  AR-coatings.  This  laser  was 
operated  with  a  state-of-the-art  threshold  of  about  5  mW  with  a  0.5%  output 
coupler,  and  a  record  slope  efficiency  of  43.6%  with  a  5%  output  coupler. 

This  result  is  quite  outstanding,  especially  if  one  considers  that  the 
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Figure  17 — 


ABSORBED  PUMP  POWER  (mW) 


Output  Power  Versus  Absorbed  Pump 
in  Crystal  if 3  . 


LASER  OUTPUT  POWER  (mW) 


Figure  18--Laser  Output  Power  Versus  Absorbed 
Pump  Power  in  Crystal  #1. 
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absolute  maximum  theoretical  efficiency  of  this  laser,  equal  to  the  ratio  of 
signal  to  pump  photon  energy  (see  Eq.  25),  Is  about  48.3%.  At  the  maximum 


pump  power  used  in  this  measurement  (Pabs  ~  80  mW)  the  laser  output  was 
nearly  30  mW.  The  amount  of  radiation  lost  to  the  user  was  actually  quite 
small  -  in  this  configuration,  about  9  out  of  10  pump  photons  absorbed  in 
excess  of  the  threshold  were  actually  turned  into  output  signal  photons.  We 
should  also  point  out  that  this  result  is  all  the  more  remarkable  In  that  no 
special  precaution  was  taken  to  cool  the  laser. 

Under  the  above  conditions,  short  term  output  stability  (seconds)  was 
quite  good,  on  the  order  of  0.5%  to  1%.  Long  term  stability  (minutes)  was  5 
to  10%.  It  was  noted  that  longer  focal  length  lenses  gave  more  stable 
outputs,  probably  as  a  result  of  a  lowered  pump  beam  wander  inside  the 
cavity.  A  focal  length  on  the  order  of  12  cm  was  found  to  be  a  good 
compromise  between  efficiency  (~  9.5%)  with  T^.5%  and  stability  (a  few 
percent  over  tens  of  minutes).  The  residual  output  power  drift  was  attributed 
to  a  gradual  misalignment  of  the  cavity  (the  output  could  always  be  brought 
back  to  its  initial  value  by  t.weeking  the  mirrors). 


We  summarize  in  TABLE  5  the  results  obtained  from  crystals  #1  and  §3 
presented  above.  Slope  efficiency  and  threshold  pump  power  are  measured 


from  these  values,  as  described  below. 


Interpretation  of  laser  output  power  measurements  were  routinely  done 
using  the  theory  developed  in  SECTION  III-C.  From  Eq.  (25),  where  =  1  , 
the  slope  efficiency  s  is 


s 


(50) 
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TABLE  5 

SUMMARY  OF  LASER  PERFORMANCE  FOR  TWO  Nd: YAG  CRYSTALS 
PUMPED  AT  =  .5145  m 


CRYSTAL 

T1 

SLOPE 

EFFICIENCY 

THRESHOLD 

ROUND-TRIP 

CAVITY  LOSS 

ROUND-TRIP 

CRYSTAL  LOSS 

AP 

(*  105cm2) 

#3 

.5% 

10.4% 

7.4  mW 

2.3% 

1.7% 

8.9 

5% 

38.3% 

17.0  mW 

6.3% 

1.2% 

7.5 

#i 

.5% 

15.6% 

5.0  mW 

1.6% 

1.0% 

8.7 

5% 

43.6% 

14.4  mW 

5.6% 

0.5% 

7.1 

From  the  knowledge  of  Tj  and  s  (and  hvs/hyp  =  *483  ),  the  round-trip 
cavity  loss  6q  can  easily  be  calculated.  The  residual  crystal  loss  due  to 
other  mechanisms  than  mirror  output  coupling  is  then  simply 


6 


1 


(51) 


In  the  conditions  of  the  above  measurements,  Tg  was  measured  to  be  .1%.  The 
calculated  round-trip  crystal  loss  was  1.4%  +  .3%  for  crystal  #3,  and 
0.75%  +  .25%  for  crystal  #1.  These  measured  crystal  loss  values  include  the 
spurious  reflectivity  of  the  AR-coated  crystal  end-faces.  To  estimate  the 
relative  importance  of  the  two  main  cavity  loss  mechanisms,  i.e.,  AR-coating 
and  actual  propagation  loss  in  the  crystal,  the  reflectivity  of  each 
AR-coating  was  measured  individually.  This  was  done  simply  by  measuring  the 
amount  of  light  reflected  by  each  coated  surface.  The  focused  beam  of  a  cw 
Nd:YAG  laser  was  used  near  normal  incidence  in  these  measurements.  For 
example,  for  crystal  #3  we  found  .37%  and  .49%  respectively,  with  an  error  of 
about  30%  on  these  values.  The  round-trip  Fresnel  loss  is  thus  about  1.7% 
(+.5%).  Propagation  through  the  crystal  therefore  accounts  for  a  negligible 
fraction  of  the  residual  cavity  loss.  Similar  results  were  obtained  for 
crystal  #1.  This  result  attests  to  the  good  quality  of  the  crystals.  It  also 
shows  that  the  difference  in  performance  of  crystals  #1  and  #3  is  mainly  due 
to  differences  in  the  state  of  their  end  surfaces  and  not  in  crystal 
quality.  Note  that  an  upper  bound  of  the  respective  crystal  loss  coefficient 
<*  can  be  estimated  assuming  perfect  AR-coatings.  We  then  find 
asa  .009  cm"*  (crystal  #3)  and  c =  .005  cm"*(crystal  #1),  consistent  with 
the  generally  recognized  value  of  ~  .002  cm"*  for  the  residual  bulk  scattering 
coefficient  of  the  best  Nd:YAG  crystals  (Reference  15). 
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Another  aspect  of  these  measurements  of  Interest  "■o  the  understanding  of 
this  type  of  laser  interaction  is  the  degree  of  overlap  between  the  signal  and 


pump  modes.  As  shown  in  SECTION  III-B 
through  the  effective  pump  mode  area 


,  it  affects  the  laser  threshold 


Ap  [Eq.  (14)] 


2  k 


(52) 


where  <  =  0Tf/ hyp  Is  a  constant  of  the  material  and  of  the  pump 
wavelength.  Measurement  of  the  slope  efficiency  gives  as  described 
above,  while  the  measurement  of  and  the  kno.^edge  of  the  constant  < 

gives  the  value  Ap  from  Eq.  (52).  This  first  value  can  then  be  compared 
with  the  theoretical  prediction  from  individual  measurements  of  the  pump  and 
signal  mode  waist  radii  Wp  and  Ws  [Eq.  (36)] 

<»> 


For  example,  in  the  case  of  the  measurements  summarized  in  TABLE  5,  the 

cavity  waist  radius,  calculated  from  cavity  parameters,  is  W$  =  64.5  urn  ,  or 

Ws  =  65.5  ym  [Eq.  (33)].  The  pump  mode  waist  radius,  calculated  for  the 

argon-ion  laser  beam  parameters  and  a  focal  length  f  =86  mm  ,  is 

=  18  ym  ,  or  =  29  ym  .  Experimental  values  of  Wp  obtained  by 

measurement  of  the  far  field  mode  profile  with  a  linear  diode  array  agreed 

* 

well  with  the  calculated  value.  This  yields  a  theoretical  value  of  A 

P 

[Eq.  (53)]  of  Ap  =  8.06  *  10_Jcm^  .  Values  of  Ap  inferred  from  laser 
output  measurements  are  summarized  in  TABLE  5.  Note  that  the  agreement  is 
quite  good  between  experimental  and  theoretical  values. 
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A  note  should  be  added  at  this  point  concerning  the  value  of  the 
stimulated  emission  cross  section  o  of  Nd:YAG  at  1.064  pm.  Even  though  this 
material  has  been  extensively  studied,  the  published  values  of  its  cross 
section  o  vary  widely,  from  2.7  *  10-^cm^  to  8.8  *  10'^cm^. The 

IQ  p 

original  value  of  o  =  8.8  *  10  cnr  that  we  used  in  the  beginning  of  this 

work  is  definitely  not  consistent  with  our  own  measurements.  In  fact,  during 

our  work  on  both  Nd:YAG  fiber  and  bulk  crystal  lasers,  we  found  that  the  value 
-19  2 

of  2.3  *  10  cm  agreed  consistently  well  with  our  observations.  We  shall 
therefore  use  this  value  throughout  this  report  .  This  result  is  not  necessarily 
in  disagreement  with  published  results.  Several  factors  enter  in  the  value  of 
o  for  an  actual  Nd:YAG,  such  as  the  exact  laser  line  or  combination  of  lines 
tested,  the  fluorescence  efficiency  of  the  1.06  pm  transition  group  (n  *  0.63), 
as  well  as  less  obvious  parameters  such  as  the  crystal  doping  and  quality.  The 
scatter  in  the  reported  values  of  a  may  actually  reflect  the  variety  of 
experimental  conditions  and  definitions  used  by  different  authors. 

(c)  Transverse  Mode  Structure 

The  transverse  mode  structure  of  miniature  Nd:YAG  lasers  was  routinely 
observed  during  laser  operation  and  characterization  by  observing  the  magnified 
image  of  the  laser  output  beam  with  a  visible-infrared  camera.  When  the  laser 
cavity  was  aligned  for  minimum  threshold  and  the  pump  power  increased,  the  laser 
was  found  to  oscillate  in  the  fundamental  mode  up  to  the  highest  tested  pump 
power  levels.  In  other  words,  when  the  pump  and  signal  modes  were  very  nearly 
coaxial,  mode  selection  was  such  that  It  precluded  oscillation  of  any  other 
inode.  This  was  true  in  particular  during  the  measurements  on  crystals  #1  and  #3 
reported  in  the  previous  section.  Even  though  they  were  pumped  as  high  as  17 
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times  above  threshold  in  some  cases,  single  mode  TEMqq  output  was  always 
observed. 

Miniature  Nd:YAG  lasers  were  also  operated  with  higher  order  modes. 
Preferential  excitation  of  TEMnm  modes  was  done  either  by  tilting  one  of  the 
cavity  mirrors,  or  better  yet  by  offsetting  the  pump  beam  laterally  (i.e.  moving 
the  entire  cavity  perpendicularly  to  the  stationary  Incoming  pump  beam).  In  the 
first  case  a  higher  loss  was  Induced  for  lower  order  modes,  while  in  the  second 
case  a  higher  gain  was  induced  for  higher  order  modes,  as  described  earlier  (see 
SECTION  III-C).  We  show  in  Figure  19  pictures  of  some  of  the  modes  that  were 
observed  with  crystal  #3  (T1  =  1%)  ,  taken  directly  on  the  TV  screen.  The 

irregularities  in  the  mode  shapes  are  artifacts  due  to  inhomogeneities  in  the 
camera  sensitive  area.  At  1.6  mW  of  output  power  TEMQn  modes  could  oscillate  up 
to  n  -•  15  ,  and  TEMmn  up  to  m  =  n  *  5  .  Apparently,  mode  selection  was  such 
that  at  the  pump  levels  at  which  the  laser  was  operated,  the  output  was  always  in 
a  single  transverse  mode. 

(d)  Mode  Overlap  Measurements 

To  verify  the  validity  of  our  overlap  theory,  and  to  determine  the  best 
operating  conditions  of  our  experimental  lasers,  it  was  interesting  to  analyze 
the  dependence  of  the  laser  threshold  and  slope  efficiency  on  the  degree  of 
overlap  between  the  pump  and  the  signal  modes.  For  this  purpose  one  of  the 
lasers  (crystal  #3)  was  characterized  with  different  pump  waist  radii  Wp  (all 
other  parameters  being  kept  constant)  by  focusing  the  pump  beam  with  different 
lenses.  In  each  case  the  absorbed  pump  power  at  threshold  (Pth)  was  measured,  as 
well  as  the  slope  efficiency  (s). 

Figure  20  shows  experimental  results  obtained  with  focal  lenqths  ranging 
from  45  to  265  cm.  The  pump  waist  radii  Wp  were  calculated  from  the  knowledge 
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mm 


figure  1 9--Photographs  of  a  Few  of  the  Transverse  Modes  Observed 
in  Miniature  Nd : YAG  Lasers  (Crystal  #3). 
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PUMP  WAIST  RADIUS  (MICRONS) 


Figure  20--Experimental  Verification  of  the  Dependence  of 
the  Threshold  of  a  Miniature  Nd:YAG  Laser  on  the 


of  the  argon  laser  cavity  parameters  and  the  distance  from  the  argon  laser  to  the 

focusing  lens.  The  solid  curve  is  the  theoretical  prediction  derived  from  the 

analytical  results  presented  in  SECTION  III-B  using  the  exact  overlap  expression 

[Eq.  (12)],  and  a  round-trip  cavity  loss  of  =  .026  .  Agreement  between 

experimental  and  theoretical  results  is  excellent.  The  slight  tendency  of  our 

results  to  be  lower  than  the  theoretical  prediction  is  either  due  to  an 

underestimation  of  the  round-trip  loss  or  of  the  measured  threshold.  In  any  case 

★ 

the  average  discrepancy  in  Wp  between  theory  and  experiment  is  less  than 
4.5  urn,  or  about  5%,  which  can  be  considered  a  good  fit.  The  laser  threshold 
presents  a  minimum  (and  the  laser  gain  a  maximum)  which  occurs,  as  predicted  by 
the  theory,  when  the  average  pump  beam  spot  size  along  the  interaction  region  is 
minimum.  This  was  achieved  in  our  experimental  arrangement  with  a  focal  length 
f  =  86  mm  ,  which  was  used  throughout  our  measurements  on  miniature  lasers  (since 
they  all  had  approximately  the  same  length). 

In  Figure  21  we  show  the  dependence  of  the  slope  efficiency  on  the  pump 
waist  radius  of  the  same  laser  (measured  with  the  threshold  simultaneously). 

Again  the  measured  data  agree  well  with  the  theory.  When  the  pump  beam  is 
focused  either  too  tightly  or  too  loosely,  the  region  in  which  population 
inversion  is  created  is  not  well  matched  to  the  signal  mode,  and  a  significant 
fraction  of  the  inverted  population  does  not  contribute  to  the  stimulated 
emission  of  photons.  The  range  of  pump  waist  radii  which  nearly  optimizes  the 
slope  efficiency  is,  however,  relatively  broad,  from  10  urn  to  50  urn  in  the 
present  example.  The  fact  that  the  efficiency  drops  more  rapidly  in  our 
measurements  than  predicted  is  probably  due  to  a  more  difficult  alignment  of  the 
pump  and  signal  beam  axis  when  using  shorter  focal  length  lenses.  Also,  in  the 
tight-focusing  configuration,  W  (and  6^)  depend  very  strongly  on  Wp 
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Figure  21 --Experimental  Verification  of  the  Dependence  of  the 
Slope  Efficiency  of  a  Miniature  Nd:YAG  Laser  on  the 
Pump  Waist  Radius  (Crystal  #3).  The  fitting  Para¬ 
meters  are  the  same  as  In  Figure  20. 
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(W“  law)  and  on  the  location  of  the  waist  with  respect  to  the  crystal,  two 
parameters  which  are  not  very  accurately  known. 

B.  FIBER  LASERS 

1.  Experimental  Arrangement 

Work  on  Nd:YAG  fiber  lasers  pumped  at  0.5145  urn  was  a  direct  continuation  of 
the  analysis  of  Nd:YAG  bulk  lasers  reported  above,  and  presented  a  number  of 
similarities  in  experimental  arrangement  and  methods.  The  fibers  used  in  all  of 
our  measurements  had  their  ends  polished  by  the  method  described  in  SECTION  II-C, 
in  which  a  number  of  fibers  with  similar  diameters  were  bonded  in  a  slotted 
Nd:YAG  cylindrical  holder.  To  take  advantage  of  the  ruggedness  of  this 
configuration  the  fibers  were  made  into  lasers  as  Is,  l.e.,  without  removing  them 
from  the  polishing  holder.  To  eliminate  Fresnel  end  reflections,  some  fiber 
arrays  were  anti -reflection  coated.  In  such  cases  In-house  facilities  were  used 
to  deposit  so-called  soft  coatings  directly  on  the  ends  of  the  holder.  They 
present  the  advantage  of  not  requiring  a  high-vacuum,  precluded  by  the  epoxy 
which  normally  out-gases.  AR-coatlngs  were  thus  simple  quarter  wave  plates  of 
magnesium  fluoride  (MgF2)  approximately  1970  A  thick.  Theoretical  investigations 
show  that  the  tolerance  on  the  coating  thickness  or  uniformity  for  a  spurious 
reflection  smaller  than  .1%  Is  about  +  260  A,  This  was  relatively  easy  to 
achieve  without  a  wavelength  monitor,  as  shown  by  direct  measurements  as  well  as 
subsequent  laser  measurements,  which  both  Indicated  spurious  Fresnel  power 
reflections  of  .IX  to  .5X. 

A  total  of  16  fiber  arrays,  or  over  120  fibers,  were  thus  processed  for 
laser  evaluation  and  related  measurements  under  this  program.  For  easy  reference 
these  arrays,  numbered  1  through  16,  are  listed  in  TABLE  6.  This  table  also 
lists  the  (approximate)  fiber  diameters  and  lengths,  the  number  of  fibers  per 
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array,  as  well  as  other  characteristics.  In  a  given  array  fibers  were  numbered 
starting  from  the  bottom  of  the  slot,  so  that  a  given  fiber  Is  referred  to  by  a 
double  number,  such  as  #4-2,  In  which  the  first  number  refers  to  the  array  and 
the  second  one  to  the  fiber. 

Arrays  #1,  2  and  7  were  fabricated  for  extensive  laser  characterization. 
Arrays  #5  and  10  were  purposely  polished  Into  thin  slabs  for  Index  profile 
measurements.  Arrays  #3  and  4  ,  fabricated  In  two  slots  In  the  same  holder,  were 
originally  designed  to  be  long  enough  that  their  aspect  ratio  would  prohibit 
propagation  of  a  free-space  mode.  After  laser  tests  they  were  cut  transversely 
for  further  laser  measurements,  becoming  arrays  #11  through  14.  A  few  high-index 
clad  fibers  were  mounted  in  array  #8  for  polishing  and  optical  measurements 
performed  under  another  program.  Array  #15  was  prepared  one  step  further  as  all 
fibers  were  removed  from  the  holder  after  polishing  for  fiber  laser 
miniaturization.  Array  #16  was  fabricated  to  perform  a  series  of  new  polishing 
tests.  Finally  a  few  arrays  (#4,  9,  12,  and  14)  were  fabricated  with  fibers 
provided  to  us  by  Bell  Telephone  Laboratories  a  few  years  ago,  and  were  used  to 
measure  the  optical  properties  of  Nd:YAG  fibers  from  another  source. 

The  optical  cavity  used  for  the  evaluation  of  fiber  lasers  pumped  at 
0.5145  urn  is  shown  In  Figure  22.  The  new  arrangement  presented  only  minor 
modifications  from  the  one  used  before.  Miniature  mirrors  with  dimensions 
2x2  x.5  mm  were  used  with  a  view  toward  further  miniaturization  as  well  as  to 
keep  the  cost  down.  Each  mirror  was  lightly  bonded  on  a  small  bored  cylinder 
that  was  mounted  on  the  tilt  stage.  A  variety  of  such  mirrors  was  available, 
with  transmissions  T  =  0%  (HR)  ,  IX  and  5X,  flat  curvature  (R  =  •)  ,  in  sizes 
ranging  from  2  x  2  to  4  x  4  mm,  and  in  approximate  quantities  of  20  each 
(Reference  18), 
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TABLE  6 


LIST  OF  FIBER  ARRAYS  AND  CHARACTERISTICS 
AS  AVAILABLE  AT  THE  MOMENT 


Array  # 

Length 

Average 

Diameter 

Number  of 
Fibers 

Comments 

1 

7.8  mm 

100  urn 

11 

AR-coated 

2 

4.0  mm 

230  iim 

13 

3 

11.8  mm 

95  urn 

5 

AR-coated 

4 

11.8  mm 

80  urn 

4 

AR-coated/BTL  fibers 

5 

.46  mm 

80-120  pm 

11 

Index  profile  measurements 

6 

8  mm 

230  Mm 

3 

Glass  holder 

7 

8  mm 

85  Mm 

7 

AR-coated 

8 

~  5  mm 

110  Mm 

6 

Clad  fibers 

9 

5.6  mm 

65  Mm 

13 

BTL  fibers 

10 

~  0.5  mm 

250  Mm 

11 

Index  profile  measurements 

11 

5.3  mm 

95  Mm 

5 

12 

5.3  mm 

80  Mm 

4 

BTL  fibers 

13 

5.5  mm 

95  Mm 

5 

14 

5.5  mm 

80  Min 

4 

BTL  fibers 

15 

4.0  mm 

250  Mm 

10 

Individual  fibers 

16 

~  3  mm 

250  Mm 

10 

Polishing  tests 
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X-Y  FIBER  POSITIONER 


Figure  22— Schematic  of  the  Fiber  Laser  Cavity. 
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The  Nd:YAG  fiber  array  was  held  inside  the  cavity  by  a  miniature  X-Y  stage  which 
allowed  us  to  position  any  fiber  In  the  incident  pump  beam.  The  pump  beam  was 
focused  with  a  single  lens  and  launched  into  the  fiber  through  the  back  mirror 
(high  reflector). 

Routine  alignment  of  the  optical  cavity  proceeded  as  follows.  The  selected 
fiber  was  first  aligned  (tilts  and  x-y)  in  the  fixed  Incident  pump  beam  so  as  to 
optimize  the  amount  of  pump  energy  confined  to  the  center  of  the  core,  as  seen  at 
the  fiber  output  end.  In  the  best  cases  a  large  fraction  of  the  pump  power  was 
in  the  fundamental  mode,  the  rest  of  it  being  scattered  in  higher  order  modes. 
Next  the  mirrors  were  aligned  as  before  until  a  noticeable  flickering  of  the  pump 
beam  occurred,  before  being  brought  as  close  to  the  fiber  ends  as  possible. 

2.  100  urn  Diameter  Fiber  Lasers 

A  first  class  of  fiber  lasers  that  were  extensively  studied  are  lasers  with 
-  100  urn  diameter.  In  particular  arrays  #1  and  #7.  Laser  action  was  successfully 
observed  In  13  out  of  the  combined  18  fibers  of  these  arrays.  However,  fiber  #1- 

4  gave  by  far  the  best  results  and  was  the  object  of  most  of  the  tests  on  this 
type  of  fiber  lasers. 

Fiber  laser  #1-4  was  tested  with  a  IX  and  5X  output  coupler.  Typical  output 
power  curves  are  shown  In  Figures  23  and  24.  With  a  IX  output  coupler,  the 
maximum  observed  slope  efficiency  was  3X  for  a  threshold  of  oscillation  of 

5  mW.  The  best  threshold  observed  with  this  fiber  was  remarkably  low,  on  the 
order  of  2.6  mW.  With  a  5X  output  coupler,  the  slope  efficiency  was  up  to  15X, 
and  the  maximum  output  power  observed  was  In  excess  of  10  mW  for  80  mW  of 
absorbed  pump  power.  Observed  threshold  with  a  5X  output  coupler  was  as  low  as 
7  mW. 
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Figure  23— Output  Power  Versus  Absorbed  Pump 
Power  for  Fiber  #1-4  (T^  =1%). 


-  88  - 


%.’«  'i 


\  * 


•  »  *•  ^  «  -  • 


•  r-ift  ^  -■»  u  •  -» 


0 


20 


40 


60 


80 


ABSORBED  PUMP  POWER  (MW) 


Figure  24— Output  Power  versus  Absorbed  Pump 
Power  for  Fiber  #1-4  (T^  =  5%). 
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In  both  sets  of  measurements  the  output  signal  was  in  the  fundamental  single 
transverse  mode  even  at  the  highest  tested  pump  power  levels.  The  signal  output 
mode  was  also  linearly  polarized  parallel  to  the  pump  polarization,  up  to 
linearity  of  1:200.  This  was  expected  In  the  absence  of  significant  anisotropic 
mechanisms  such  as  birefringence  to  couple  photon  momenta.  However,  it  was  also 
observed  that  depending  on  the  cavity  alignment,  the  laser  output  could  be  either 
polarized  or  unpolarized,  while  the  polarized  state  was  reached  when  the  laser 
cavity  was  aligned  to  a  low  threshold.  This  suggests  that  when  the  fiber  laser 
is  not  properly  aligned,  the  signal  scatters  on  the  fiber  outer  surface  and 
suffers  random  polarization  scattering.  This  point  will  become  clearer  after 
further  discussion. 

A  note  should  be  included  here  concerning  the  way  the  amount  of  pump  power 

absorbed  by  this  type  of  fiber  was  estimated.  First,  as  before,  the 

transmissions  of  the  focusing  lens  and  mirrors  and  the  reflection  coefficients  of 
the  1.064  urn  AR-coatlng  were  measured  at  1  !  0.5145  urn  .  The  total  system 
transmission  was  then  measured.  The  absorbed  pump  power  was  deduced  from  the 

above  data  assuming  a  100%  launching  efficiency  of  the  pump  Gaussian  mode  into 

the  fiber.  This  last  assumption  is  reasonable  for  such  a  large  fiber  diameter 
and  high  numerical  aperture  (with  n  a  1.5  for  the  epoxy  cladding  index, 

NA  a  1.0  ).  It  was  thus  estimated  that  about  30%  of  the  pump  power  incident  on 
the  focusing  lens  was  actually  absorbed  in  the  fiber.  The  agreement  with  our 
earlier  measurements  in  bulk  Nd:YAG  crystals  of  similar  length  indicates  an 
absorption  coefficient  of  Nd:YAG  fibers  of  ~  .6  cm"1  at  0.5145  pm,  as  confirmed 
by  individual  fiber  transmission  measurements. 

The  tolerance  on  the  alignment  of  the  mirror  tilts  and  of  the  fiber  lateral 
position  was  found  to  be  quite  easy  to  satisfy.  The  mirror-to-fiber  end  spacing 
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was  also  not  very  critical.  For  this  type  of  fiber  laser,  a  spacing  of  up  to 
200-300  urn  on  both  fiber  sides  resulted  in  only  a  slight  (~  10-20%)  increase  in 
the  threshold,  in  agreement  with  theoretical  predictions  (see  Section  VI-A-4). 

As  expected,  this  spacing  was  more  critical  with  smaller  diameter  fibers.  On  the 
other  hand,  the  tolerance  on  the  tilt  of  the  fiber  with  respect  to  the  incident 
pump  beam  seemed  relatively  demanding.  As  the  tilt  angle  needs  to  be  finely 
adjusted  to  achieve  efficient  launching  of  low  order  pump  modes,  this  observation 
reflects  our  theoretical  result:  low  order  pump  modes  yield  an  overall  gain 
factor  up  to  twice  as  large  as  a  high  order  mode  distribution. 

Again  we  found  that  although  the  cavity  was  not  designed  for  optimum 
stability  and  involved  a  fair  number  of  inherently  unstable  translation  stages, 
the  output  of  fiber  lasers  was  remarkably  stable  -  definitely  better  than 
commercial  cw  Nd:YAG  lasers.  The  fact  that  our  fiber  lasers  were  run  uncooled 
and  were  not  allowed  to  develop  any  significant  temperature  gradient  probably 
accounts  for  this  improvement.  The  main  source  of  instability  was  found  to 
originate  from  pump  feedback  into  the  argon-ion  laser  from  spurious  back 
reflections.  As  the  fiber  laser  could  not  be  tilted  without  introducing  a 
misalignment  which  would  preclude  efficient  pump  and  signal  overlap,  this 
difficulty  was  cured  by  placing  an  optical  isolator  between  the  pump  laser  and 
the  fiber  laser.  Short-term  output  power  stability  was  then  on  the  order  of  a 
few  percent,  as  attested  by  the  good  linearity  of  the  output  curves  (see 
Fiyures  23  and  24)  which  took,  In  general,  5  to  10  minutes  to  record. 

The  laser  measurements  (s  and  Pth)  done  on  fiber  #1-4  suggest,  using 

Eqs.  (50)  and  (52),  a  round-trip  cavity  loss  on  the  order  of  10  -  15%,  and  an 

-5  2 

effective  pump  mode  area  of  about  1-2  *  10  cm  .  The  scatter  in  the  many 
measurements  done  with  this  or  any  other  fiber  reflects  the  relative  difficulty 


91 


In  aligning  the  cavity  to  its  lowest  threshold.  As  mentioned  above,  the  relative 

fiber-to-pump  beam  tilt  was  rather  critical  and  difficult  to  reproduce.  In  any 

case  a  first  conclusion  is  that  the  round-trip  fiber  laser  loss  is  somewhat 

larger  than  that  of  bulk  crystal  lasers.  Secondly,  although  the  same  optics  as 

★ 

before  were  used  to  focus  the  pump  (f  =  86  mm),  Ap  appeared  to  be  always  smaller 
in  fibers  than  in  bulk  crystals.  This  observation  suggests  a  higher  signal  mode 
confinement. in  fibers,  and  therefore  a  higher  gain  per  unit  absorbed  pump  power, 
by  as  much  as  a  factor  of  4  to  10. 

To  verify  this  observation,  and  to  analyze  the  quality  of  the  signal  mode 
generated  by  fiber  lasers,  the  mode  structures  of  both  pump  and  signal  fiber 
outputs  were  investigated.  Far-field  profiles  were  measured  with  a  mechanically- 
scanned  apertured  (<  500  urn)  detector,  and  were  automatically  plotted  on  a  time- 
base  chart  recorder.  Near-field  profiles  were  obtained  by  imaging  the  end  of  the 
fiber  on  a  linear  500  element  Reticon  diode  array  (12  urn  diode  spacing)  with  a 
short  focal  length  lens.  The  ratio  of  the  lens-to-fiber  end  distance  dj  to  the 
lens-to-detector  distance  d£  is  the  optical  magnification  factor  M  (in  our 
measurements,  M  =  18.5). 

Typical  far-field  profiles  measured  for  fiber  laser  1-4  are  shown  in 
Figures  25(a)  and  25(b)  (concluded)  for  the  pump  and  the  signal,  respectively. 

The  mode  distributions  are  very  nearly  Gaussian.  By  measuring  the  mode  width  at 
the  1/e^  power  point  for  different  fiber-to-detector  distances,  we  found  that 
the  signal  beam  was  diverging  like  a  diffraction-limited  fundamental  Gaussian 
mode  of  waist  at  the  fiber,  Ws  =  25.4  ym.  Similar  results  were  obtained  with 
the  pump  beam,  yielding  Wp  =  19  urn  . 

Near-field  profiles  are  shown  in  Figures  26(a)  and  26(b)  (concluded)  (pump 
and  signal,  respectively).  The  recollimated  signal  beam  is  particularly  clean, 
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Figure  25(a)--Far-Fiel d  Profile  of  the  Fundamental 
Pump  Mode  (.5145  pm,  Fiber  #1-4). 


Figure  25 ( b )-- Fa r  Field  Profile  of  the  Fiber  Signal 
Output  Mode  (1.064  pm,  Fiber  #1-4). 
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Figure  26(a)--Near-F1eld  Profile  of  the  Fundamental 
Pump  Mode  (.5145  ym,  Fiber  #1-4). 


Figure  26 (b ) -- Near -Fi el d  Profile  of  the  Fiber  Signal 
Output  Mode  (1.064  ym.  Fiber  #1-4). 
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so  that  although  such  measurements  were  not  performed,  we  believe  a  significant 
fraction  of  the  mode  could  be  coupled  into  a  single  mode  fiber,  or  focused  to  a 
small  diffraction-limited  spot  size  (the  slight  double-image  effect  is  only  due 
to  the  series  of  filters  used  to  isolate  the  signal  from  the  pump).  Average 
values  computed  from  several  measurements  are  Wg  =  19.7  urn  for  the  signal  and 
Wp  =  21.3  ym  for  the  pump. 

These  two  sets  of  results  agree  well  although  we  believe  the  far-field 

measurements,  which  do  not  involve  any  optics,  are  more  accurate.  They  indicate 

a  pump  waist  of  approximately  19  ym  identical  to  the  previously  calculated  value 

of  Wp  for  this  pumping  arrangement.  The  pump  beam  was  therefore  not  guided  by 

the  fiber  laser,  although  some  degree  of  aperturing  at  the  input  and/or  output 

end  of  the  fiber  may  have  been  present.  The  situation  is  different  for  the 

signal.  Assuming  the  signal  mode  was  guided  by  the  fiber,  this  value  corresponds 

to  a  fiber  core  radius  of  a  =  Ws/.645  =  39.4  ym.  (This  last  relationship  was 

derived  using  a  computer  model  of  mode  coupling  between  a  guided  LP01  mode  and  a 

fundamental  space  Gaussian  mode,  and  agrees  well  with  published  data  (Reference 

17).  This  result  is  compatible  wUh  the  val:  the  fiber  diameter  measured  for 

fiber  #1-4,  which  ranges  at  least  from  86  y»,  to  13U  ym.  As  expected  the  smaller 

portion  of  the  fiber  imposes  its  size  to  the  signal  mode.  These  results  clearly 

indicate  that  at  least  in  fiber  laser  #1-4  mode  confinement  is  provided  by  the 

finite  transverse  size  of  the  fiber.  Mote  that  since  within  the  fiber  the  signal 

inode  is  very  nearly  Gaussian  with  a  constant  waist  radius,  we  can  use  the 

Gaussian  mode  overlap  theory  of  SECTION  III-C  to  estimate  A*  .  With 

W  =  1/  ~  25  ym  ,  ,  W  ~  19  ym  and  4  ~  8  mm  ,  we  find  U  ~  25  ym  and 
s  s  p  p 

*  -5  2 

Ap  =  2.0  x  10  cm  ,  in  excellent  agreement  with  the  value  inferred  from 

-5  2 

threshold  measurements  (1-2  *  10  cm  ). 
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These  conclusions  were  confirmed  by  further  laser  measurements  on  the  other 
fibers  of  array  #1.  Laser  action  was  successfully  observed  in  10  out  of  the  11 
fibers  of  this  array.  Each  laser  measurement  was  preceded  by  a  careful  tilt 
alignment  of  each  individual  fiber  until  the  cleanest  possible  fundamental  output 
pump  mode  was  observed.  All  fibers  but  §5  displayed  a  fairly  nice  fundamental 
pump  output  mode.  TABLE  7  summarizes  measurements  done  on  these  fiber  lasers 
with  T  =  1%  .  Five  fibers  were  operated  with  thresholds  below  10  mW,  of  which 
three  were  lased  with  less  than  5  mW.  The  best  results  were  obtained  with  fibers 
#1  and  #4,  which  yielded  thresholds  on  the  order  of  3  mW  only.  These  thresholds 
were  measured  by  observing  the  fiber  laser  output  extinction  with  an  infrared 
camera  and  video  monitor,  so  that  these  figures  may  differ  in  some  cases  from  the 
threshold  extrapolated  from  output  power  versus  pump  power  curves  (see  Figures  23 
and  24).  The  amount  of  pump  power  absorbed  by  each  fiber  was  estimated  from 
individual  measurements  of  fiber  transmission  and  discrete  optical  element 
losses.  TABLE  7  also  shows  the  measured  fiber  transmissions  at  .5145  pm 
(corrected  for  end-face  reflections,  and  assuming  100%  coupling  efficiency), 
which  again  agree  well  with  the  generally  accepted  value  of  .6  cnT*  for  1  at.% 
Nd-doped  YAG.  Note  that  this  method  leads  to  an  overestimation  of  the  absorbed 
pump  power  (i.e.,  a  worst  threshold)  as  other  mechanisms  besides  absorption  are 
certainly  present.  Finally,  TABLE  7  also  lists  the  diameter  characteristics  of 
fibers  of  array  #1.  Fiber  diameters  were  not  characterized  prior  to  mounting  the 
fibers.  Diameter  data  were  therefore  measured  at  each  fiber  end,  of  which  is 
the  average  value,  and  &$/<?>  the  relative  difference. 

A  first  conclusion  of  these  tests  is  that  all  fibers  do  not  display  the  same 
loss  characteristics,  as  reflected  by  the  wide  range  of  thresholds  and 
transmissions.  A  definite  correlation  exists  between  fiber  transmission  and 
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TABLE  7 


MEASURED  DATA  FOR  FIBER  LASERS  OF  ARRAY  #1 


Fiber  # 

♦ 

(urn) 

A<P/< |> 

Transmission 

(X  =  .5145  urn) 

Pth 

(mW) 

1-1 

97 

20.3% 

.67 

3.20 

1-2 

95 

17.4% 

.73 

11.3 

1-3 

101 

19.2% 

.66 

16.2 

1-4 

110 

37.2% 

.67 

2.6 

1-5 

91 

20.5% 

<  .30 

1-6 

94 

11.2% 

.67 

4.0 

1-7 

91 

46.9% 

.46 

72.3 

1-8 

92 

27.8% 

.72 

6.4 

1-9 

94 

22.6% 

.60 

40.7 

1-10 

96 

13.0% 

.65 

9.0 

1-11 

91 

20.9% 

.62 

36.0 
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laser  threshold,  as  illustrated  in  Figure  27.  In  this  figure  the  threshold  is 
plotted  versus  the  overall  loss  coefficient  for  the  fibers  of  array  #1. 

The  loss  coefficients  are  computed  from  T  =  exp(-<*sJt)  with  k  =  7.7  mm  ,  and 
include  the  absorption  coefficient  a  .  Fibers  with  the  lowest  transmissions 

a 

have  the  highest  thresholds.  Visual  inspection  of  the  fiber  under  a  microscope 
or  of  the  quality  of  the  pump  mode  transmitted  by  the  fiber  also  provided  a  clear 
indication  of  the  best  fiber  samples  and  a  prediction  of  the  best  fiber  lasers. 
For  example  fibers  #5  and  #7  appeared  more  optically  opaque  (at  visible 
frequencies)  than  the  other  fibers,  while  the  transmitted  pump  beam  was  scattered 
into  several  modes  at  the  fiber  output.  As  expected,  these  two  fibers  display 
the  highest  thresholds.  Another  correlation  was  observed  between  threshold  and 
diameter  variations,  as  shown  in  Figure  28,  or  equivalently,  between  fiber 
transmission  and  diameter  variations.  The  fibers  with  the  largest  diameter 
fluctuations  display  the  highest  propagation  loss. 

These  observations  give  additional  weight  to  our  initial  conclusions 
concerning  the  confinement  mechanism  involved  in  fiber  #1-4.  Since  flat  mirrors 
were  used,  some  mechanism  other  than  the  focusing  effect  of  the  cavity  optics  had 
to  be  responsible  for  the  relatively  tight  confinement  of  the  signal  mode.  In 
fact,  an  unguided  laser  with  flat  mirrors  is  unstable  unless,  for  example, 
apertures  (such  as  naturally  provided  by  the  fiber)  are  introduced  inside  the 
cavity.  This  was  verified  by  observing  lasing  action  in  bulk  Nd:YAG  with  two 
flat  mirrors.  The  resulting  laser  had  a  very  high  threshold  (~  100  mW),  was  very 
sensitive  to  mirror  adjustment,  and  provided  an  odd-shaped  mode  (laser  action  was 
taking  place  along  several  optical  paths).  This  behavior  is  characteristic  of 
unstable  resonators.  The  absence  of  such  characteristics  in  our  fiber  lasers 
indicate  the  presence  of  either  guiding  action  or  some  aperturing  effect. 
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Figure  27— Threshold  versus  Loss  Coeffic 
in  Fiber  Lasers  of  Array  #1 . 
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For  all  the  fibers  of  array  #  1  the  ratio  of  fiber  length  to  diameter  (aspect 
ratio)  is  small  enough  that  a  Gaussian  mode  at  the  signal  frequency  could  indeed 
propagate  through  the  fiber  without  being  aware  of  the  finite  transverse  size  of 
the  fiber.  It  was  therefore  difficult  to  conclude  whether  total  internal 
reflection  or  local  aperturing  at  the  smallest  section  of  the  fiber  was 
responsible  for  signal  mode  confinement.  However,  it  appears  clear  that 
aperturing  is  also  responsible  for  (1)  the  greater  gain  per  unit  pump  power 
available  in  fiber  lasers,  (2)  the  increase  in  cavity  loss  observed  in  fiber 
lasers,  and  (3)  the  consistent  oscillation  of  all  tested  fiber  lasers  on  the 
fundamental  mode  exclusively,  regardless  of  the  pump  or  cavity  configuration,  as 
higher  order  modes  experience  higher  loss.  The  fact  that  the  fiber  loss  is  worse 
in  fibers  with  larger  diameter  fluctuations  also  shows  that  in  smaller  diameter 
fibers  in  which  mode  confinement  is  provided  by  the  finite  transverse  fiber  size, 
it  is  important  to  keep  diameter  variations  to  a  minimum.  The  relatively 
important  diameter  variations  of  the  fibers  of  array  #1  are  most  probably 
responsible  for  the  residual  cavity  loss  observed  with  these  fibers. 

In  TABLE  8  we  summarize  the  results  obtained  with  the  fibers  of  array  #7. 
They  include  fiber  diameter,  crystal  and  polishing  quality,  fiber  tilt  with 
respect  to  the  holder  axis,  measured  oscillation  threshold  and  calculated  round- 
trip  loss.  All  fibers  of  array  #7  were  tested  for  laser  performance  using  the 
same  experimental  arrangement  (1%  output  coupler).  We  found  that  three  of  them 
could  be  easily  brought  to  oscillation  while  the  other  four  could  not  be  lased  at 
all.  It  appears  that  fiber  #7-2  could  not  be  lased  because  of  poor  crystal 
quality  (the  fiber  appeared  dark  in  the  microscope).  In  fibers  #7-5,  #7-6, 


TABLE  8 


CHARACTERISTICS  OF  FIBERS  IN  ARRAY  #7 


Fiber 

# 

Diameter 

(pm) 

Tilt 

Angle 

Polish/ 

Crystal 

Quality 

Threshold 

(mW) 

Round-trip 

Loss 

7-1 

78.1 

.72° 

Slightly 

Gray 

3.8 

~  18% 

7-2 

80.3 

.61° 

Dark 

7-3 

90.0 

.06° 

OK 

16.0 

~  60% 

7-4 

86.0 

.52° 

Two  small 
Chips 

4.6 

~  19.5% 

7-5 

87.3 

1.07° 

OK 

7-6 

»7 .4 

1.58° 

One  Small 
Chip 

7-7 

85.8 

4.2° 

OK 
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and  #7-7  lasing  was  probably  prohibited  by  unusually  large  fiber  tilts.  A  large 
fiber  tilt  has  two  effects:  (1)  it  prohibits  constructive  interference  of 
spurious  Fresnel  reflections  at  the  fiber  ends  with  the  main  signal  (see  next 
section);  (2)  it  eventually  requires  mirror  tilt  angles  larger  than  can  be 
achieved  with  our  gimbal  mounts  {  +  2°).  Apparently,  the  limit  of  acceptable  tilt 
(or  laser  end-face  parallelism)  is  on  the  order  of  1°.  As  expected,  the 
outermost  fibers  (furthest  from  the  bottom  of  the  groove)  pick  up  the  highest 
tilt  angle  during  bonding.  This  suggests  the  use  of  less  than  ideal  quality 
fibers  as  fillers  in  future  holders.  Two  of  the  fibers  which  lased  show  near 
state-of-the-art  performance,  with  thresholds  lower  than  5  mW.  Again  a  clear 
correlation  was  observed  between  the  threshold  level  and  the  mode  quality  of  the 
pump  mode  at  the  fiber  output. 

With  a  78  urn  diameter  fiber  #7-1  is  the  smallest  of  this  type  brought  to 


oscillation.  Its  laser  slope  efficiency  was  measured  to  be  2.6%  (with  a  1% 
output  coupler).  This  value  suggests  a  round-trip  loss  of  18.6%,  and  combined 


with  an  extrapolated  threshold  of  7  mW,  an  effective  pump  mode  area 
*  -5  2 

A  =  1.04  x  1U  cm  .  The  signal  mode  area  has  a  calculated  radius  of  18  urn  in 
P 

agreement  with  a  theoretical  value  of  .645  *  a  =  25  urn  (this  fiber  probably  has  a 


slightly  smaller  diameter  somewhere  along  its  length). 

Finally,  the  longitudinal  mode  structure  of  ~  100  urn  diameter  fiber  lasers 
was  analyzed  with  Fabry-Perot  (F.P.)  interferometers  placed  at  the  laser 
output.  The  ring  pattern  given  by  the  interferometer  was  observed  on  a  TV- 
monitor  with  an  infrared  camera.  With  a  1  cm"*  free  spectral  range  (FSR)  F.P. 


etalon,  we  saw  that  these  fiber  lasers  were  running  single  longitudinal  mode  at. 


and  near,  threshold,  and  that  a  second  mode  was  soon  appearing  above  threshold. 


As  the  pump  power  was  further  increased,  a  third  mode  appeared  (about  twice  above 


103 


threshold).  The  mode  spacing  was  measured  to  be  =  .33  cm"1  ,  i.e.,  exactly 

1/3  of  the  etalon  FSR,  compared  to  a  predicted  value  Av  =  1/2  nit  (n  =  1.82, 

1  3  8  mm)  of  .34  cm-*.  The  use  of  a  10  cm-*  FSR  etalon  revealed  the  presence 
of  4th  and  5th  longitudinal  modes,  previously  undetected  as  they  overlapped  with 
the  2nd  order  rings  of  the  1st  and  2nd  mode,  respectively.  The  4th  mode  appeared 
3  times  above  threshold,  and  the  5th  one  5  to  10  times  above  threshold.  No  more 
than  5  modes  were  observed  up  to  the  maximum  available  pump  power 
(Pabs  ~  180  mW).  This  result  is  expected  in  a  homogeneously  broadened  laser 
material  where  in  general  ~  5  modes  only  are  required  to  saturate  the  gain  to  a 
uniform  profile  (along  the  action  medium)  through  spatial  hole-burning.  Note 
however  that,  again  as  expected,  the  two  first  modes  to  appear  carried  most  of 
the  laser  output  energy. 

3.  Short  Fiber  Lasers 

The  series  of  measurements  made  on  ~  100  urn  diameter,  -  8  mm  long  Nd:YAG 
fiber  lasers  (aspect  ratio  s  80)  indicated  that  it  would  be  interesting  to 
attempt  reducing  cavity  loss  by  moving  toward  lower  aspect  ratio  fiber  lasers. 

This  was  achieved  with  fiber  array  # 2  (see  TABLE  6),  with  a  length  of  4.0  mm  and 
fiber  diameters  ranging  from  213  urn  to  255  ym,  or  an  aspect  ratio  of  ~  17.  This 
array  was  the  object  of  extensive  measurements,  reported  in  this  section. 

Using  the  same  experimental  arrangement  as  before,  all  the  fibers  of  array 
#2  were  lased  at  one  point  or  another.  Since  they  all  showed  approximately  the 
same  operating  characteristics,  most  of  our  measurements  were  concentrated  on  one 
of  them,  namely  fiber  #2-5  (unless  otherwise  specified).  Initial  measurements 
indicated  a  threshold  of  5  mW,  a  linear  output  curve  with  a  slope  efficiency  of 
2.2%  (T  =  1%)  and  a  calculated  round-trip  loss  of  22%.  For  these  shorter  lasers, 


approximately  16%  of  the  pump  power  incident  on  the  lens  (f  =  98  mm)  was  actually 
absorbed  by  the  fiber. 

A  first  important  remark  must  be  made  concerning  the  fact  that  these  fiber 
lasers  were  operated  without  AR-coatings,  while  the  observed  round-trip  loss  is 
still  much  less  than  would  be  expected  from  the  Fresnel  loss 
(4  x  8.5%  =  34%)  alone.  In  the  present  geometry  the  laser  cavity  actually 
consists  of  three  optical  cavities,  namely  the  fiber  itself  and  the  two  cavities 
formed  by  each  fiber  end  and  mirror.  Provided  scattering  at  the  fiber  ends  is 
small,  the  two  end-cavities  can  have  their  lengths  adjusted  to  bring  their 
respective  longitudinal  mode  to  coincide  with  one  of  the  longitudinal  modes  of 
the  fiber  cavity,  at  least  in  principle.  We  believe  this  is  what  was  indeed 
observed,  as  hinted  by  the  relatively  low  cavity  loss.  The  laser  cavity 
alignment  was  also  far  more  critical  on  the  mirror  longitudinal  position  than 
usual,  as  expected.  When  the  mirrors  were  brought  to  locally  contact  the  fiber 
holder  the  cavity  could  be  mechanically  stabilized  well  enough  to  perform  further 
measurements. 

During  the  experimental  study  of  array  # 2  we  observed  that  the  alignment  of 
the  incident  pump  beam  with  respect  to  the  fiber  axis  was  critical  to  the 
performance  of  the  laser,  in  terms  of  both  its  threshold  and  efficiency.  A 
theoretical  analysis  of  the  effect  of  a  relative  offset  or  tilt  between  pump  and 
signal  modes  on  the  laser  characteristics  was  conducted  (see  APPENDIX  D).  In 
essence,  either  a  relative  constant  offset  (the  two  mode  axes  remain  parallel  but 
offset  by  a  )  or  an  angular  offset  (mode  axis  at  an  angle,  a  )  spoils  the 
modal  overlap  and  reduces  the  laser  slope  efficiency  while  increasing  the 
threshold.  The  analysis  shows  that  tolerance  on  a  constant  offset  is  easy  to 
meet,  as  the  modes  must  be  coaxial  to  better  than  a  =  Wp/5  for  90%  optimum 
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performance.  On  the  other  hand,  the  effect  of  an  offset  is  rather  significant, 
and  tilt  angles  must  be  kept  below  a  critical  value  of  about  1/2  degree  for 
acceptable  performance.  Meeting  this  last  condition  was,  in  general,  difficult 
to  achieve  experimentally  as  the  fiber  positioner  (see  Figure  22)  was  not 
equipped  with  fine  tilt  stages. 

Careful  fiber  tilt  alignment  was  possible,  however,  using  available 
adjustments.  We  found  that,  as  predicted  by  the  theory,  a  great  improvement  in 
laser  characteristics  was  brought  about  by  minimizing  the  spurious  tilt  angle 
between  the  pump  and  signal  beams.  This  angle  was  measured  by  observing  in  two 
orthogonal  directions  the  signal  and  pump  output  beams  coming  out  of  the  fiber 
laser  with  a  fixed  diode  array.  This  angle  could  then  be  minimized,  and  possibly 
cancelled,  by  rotating  the  fiber  axis  in  the  appropriate  direction  and  by  an 
appropriate  amount.  We  thus  observed  that  the  threshold  was  decreasing  and  the 
slope  efficiency  was  increasing  when  the  beam  angle  was  reduced.  The  fiber  laser 
performance  was  near  optimum  for  tilt  angles  smaller  than  -  .4°,  which  shows  that 
our  theoretical  analysis  is  fairly  accurate,  if  slightly  pessimistic.  This 
improvement  led  to  the  demonstration  of  the  lowest-loss  fiber  laser  developed 
under  this  program.  Figure  29  shows  the  output  power  curve  of  the  '.aser  as 
measured  after  bringing  the  beam  tilt  angle  down  to  ~  .14°  (2.4  mrad).  A 
maximum  output  power  of  9  mW  was  obtained,  with  a  threshold  of  ~  11.5  mW  and  a 
slope  efficiency  of  31%.  As  before,  the  output  beam  was  polarized  linearly 
(1:100,  parallel  to  the  pump  polarization),  and  even  at  the  maximum  tested  output 
power  the  fiber  laser  was  running  single  transverse  mode.  These  combined 
characteristics  make  this  device  the  most  efficient  fiber  laser  yet  demonstrated 
in  our  laboratory.  Its  output  power  of  9  mW  at  40  mW  of  pump  power  is  well  in 
excess  of  our  original  5  mW  goal,  and  was  only  limited  by  the  maximum  output 
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power  tested,  not  by  any  fundamental  limit.  Similarly  the  observed  slope 
efficiency  was  only  limited  by  the  choice  of  output  coupler  transmission 
available. 

These  and  other  measurements  with  T  =  1%  were  compatible  with  a  residual 
fiber  loss  <5^  =  2.8%  only,  or,  assuming  fiber  propagation  loss  is  dominant,  an 

overall  fiber  loss  factor  of  a  .035  cm"1  (.15  dB/cm).  The  pump  effective 

*  -5  -1 

area  Ap  estimated  from  laser  measurements  is  4.1  x  10  cm  ,  which  reflects  a 

relatively  tight  mode  confinement. 

The  signal  output  mode  was  found  to  be  a  very  clean  and  symmetrical  single 

fundamental  mode.  Measurement  of  the  far-field  profile  with  a  high-resolution 

diode  array  yielded  the  value  of  30.8  urn  for  the  mode  radius  inside  the  fiber 

★ 

compatible  with  the  measured  value  of  Ap  .  Compared  to  the  234  micron  diameter 
of  fiber  #2-5,  this  value  suggested  again  the  presence  of  some  guiding  mechanism. 

An  investigation  of  the  possible  guiding  mechanisms  present  in  a  fiber  laser 
was  conducted  to  explain  this  behavior  (APPENDIX  E).  It  showed  that  index 
gradients  due  to  the  crystal  structure  itself  or  its  surrounding  (cladding)  are 
by  far  the  strongest  guiding  mechanism.  In  fibers  with  inhomogeneous  loss,  loss- 
guiding  may  also  be  a  strong  possibility.  However,  other  mechanisms  such  as 
nonlinearity,  x'-guiding,  thermal  lensing  or  gain-guiding  have  small  or 
negligible  effects  on  fiber  laser  modes  (see  TABLE  E-l).  As  a  corollary,  these 
intensity-dependent  mechanisms  have  also  negligible  limiting  effects  on  the  fiber 
laser  performance,  whereas  they  do  become  troublesome  in  high  power  solid  state 
lasers. 

In  order  to  verify  the  presence  of  gain-guiding,  the  seme  fiber  was  brought 
to  oscillation  with  different  pump  mode  sizes  -  if  gain-guiding  was  the  main 
guiding  effect  the  signal  mode  profile  was  expected  to  show  some  dependence  on 
the  gain  radial  profile.  However,  within  experimental  errors,  measurements 
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TABLE  9 


MODE  MEASUREMENTS  IN  FIBER  LASER  #2-5 


f 

(mm) 

"p 

(Measured, 

wm) 

WS 

(Measured, 

pm) 

Pth 

(mW) 

55 

13 

31.7 

5.5 

98 

17.2 

30.8 

5.5 

177 

28.2 

31.0 

8.4 

indicate  no  such  dependence  (TABLE  9).  Although  the  pump  waist  size  was  changed 
from  13  to  28  win  the  signal  waist  radius  was  constant  and  equal  to  about  31  pm. 
Two  other  observations  further  support  our  belief  that  gain-guiding  was  not  the 
main  guiding  mechanism  in  these  fibers:  (1)  in  some  cases  the  pump  and  signal 
beams  emerging  from  the  fiber  laser  were  not  coaxial;  (2)  when  rotating  the  fiber 
(to  cancel  the  tilt  angle)  the  signal  beam  followed  the  fiber  axis  while  the  pump 
beam  was  virtually  unaffected. 

A  second  effect  that  might  have  been  responsible  for  the  confinement  of  the 
signal  mode  is  the  optical  cavity.  We  therefore  checked  the  curvature  of  laser 
mirrors.  Mirrors  were  tested  against  an  optical  flat  under  a  coherent,  quasi- 
monochromatic  source.  Their  flatness  was  excellent,  probably  better  than  A/2 
across  the  entire  mirrors.  When  bonded  in  the  same  fashion  as  they  are  when  used 
in  external  cavities,  they  showed  a  very  slight  curvature  estimated  to  have  a 
radius  of  curvature  of  several  meters.  The  (bonded)  mirrors  used  in  our  laser 
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cavity  with  fiber  array  #2  were  further  tested  to  provide  a  better  measurement  of 
their  curvature.  By  observing  the  divergence  of  a  He-Ne  laser  beam  reflected 
from  and  transmitted  through  these  mirrors  we  were  able  to  find  that  the  mirrors 
do  have  a  slight  positive  curvature,  that  both  sides  have  approximately  the  same 
curvature,  with  a  radius  in  excess  of  3  meters  for  both  mirrors.  However,  to 
explain  a  30  urn  signal  mode,  a  curvature  of  1.2  cm  would  be  necessary.  Therefore 
no  significant  mode  confinement  was  provided  by  the  mirrors. 

Another  possible  guiding  mechanism  was  real  ^n-guiding  to  an  index  profile 
within  the  fiber.  The  presence  of  such  a  profile  was  suspected  on  the  ground 
that  during  fiber  growth,  the  large  temperature  gradient  that  develops  between 
the  surface  and  the  center  of  the  fiber  favors  migration  of  Nd-ions  (and  other 
impurities)  towards  the  fiber  center.  This  effect  is  indeed  routinely  observed 
during  the  growth  of  Nd:YAG  boules.  Simple  thermodynamic  considerations  would 
then  suggest  that  larger  diameter  fibers  develop  larger  Nd:  concentration 
gradients.  Since  Nd  impurities  increase  the  index  of  YAG  (Reference  12),  a 
positive,  guiding  index  profile  might  be  present  in  larger  fibers. 

The  so-called  interferometric  slab  method  was  used  to  attempt  detecting  such 
index  profiles  in  CMR-grown  Nd:YAG  fibers.  Thin  slabs  of  fibers  were  placed  in 
one  of  the  arms  of  a  Mach-Zehnder  interferometer  and  the  magnified  image  of  the 
slab  surface  was  formed  on  a  screen.  When  the  interference  field  is  originally 
uniform  (constructive  interference),  any  index  variations  across  the  fiber  appear 
as  sets  of  fringes.  For  example,  a  cylindrical  index  profile  yields  a  set  of 
concentric  circular  fringes.  When  the  interference  field  is  originally  fringed, 
the  same  index  variations  appear  as  distortions  of  these  fringes  across  the  image 
of  the  fiber.  In  both  cases  a  two-dimensional  mapping  of  the  fiber  index  profile 
is  generated.  By  counting  fringes  in  the  first  case,  or  fringe  shift  in  the 
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second,  one  has  access  to  the  index  information.  If  t  is  the  slab  thickness 
and  A  the  wavelength  of  measurement,  the  index  difference  between  two 
consecutive  fringes  is  given  by  2*tAn/A  =  it  . 

This  method  was  applied  to  arrays  #5  and  #10  (see  TABLE  6)  using  a  He-Ne 
laser  as  a  source.  The  slabs  were  cut  from  longer  holders  in  which  the  fibers 
were  mounted  as  before,  then  polished  to  a  thickness  of  ~  500  microns.  The 
fibers  tested  had  diameters  ranging  from  70  to  250  microns. 

We  show  in  Figure  30(a)  (fiber  diameter  s  95  urn)  and  30(b) (concluded) 

(120  urn)  two  typical  fiber  interferometric  images  obtained  in  a  fringed  field. 

As  was  observed  for  all  of  the  fibers,  the  interferometric  field  distortion 
introduced  by  the  fibers  is  minimal  to  the  point  of  being  barely  noticeable,  say 
a  phase  shift  smaller  than  1/4  fringe.  In  uniform  field  none  of  the  fibers 
introduced  any  noticeable  fringe.  Only  fiber  #5-11  [Figure  30(b)]  seemed  to 
introduce  some  fringe  distortion  near  its  center.  Estimating  this  distortion  to 
be  one  quarter  of  a  fringe,  the  maximum  observed  index  gradient  is  ~  2  x  10"^. 

_3 

Compared  to  the  maximum  value  of  1.1  x  10  expected  in  1%  doped  NdrYAG,  this 
value  indicates  that  the  gradient  of  Nd-concentration  across  any  of  the  tested 
fibers  is  less  than  20%.  Fiber  #5-11  was  also  the  largest  of  fibers  in  array  #5 
(<|>  ~  120  pm). 

Repeating  these  measu remen ts  with  ~  250  pm  diameter  fibers  (array  #10),  we 
observed  that  the  fringe  pattern  of  each  fiber  was  slightly  distorted,  and  in 
general  more  so  than  for  the  smaller  diameter  fibers  of  array  #5.  However,  it 
raised  the  question  of  the  exact  origin  of  this  fringe  distortion,  which  can  be 
either  a  slight  curvature  of  the  fiber  end  surfaces,  or  a  gradient  of  index 
within  the  fibers.  The  fiber  end  flatness  is  on  the  order  of,  or  better  than, 
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Figure  30(a )—  Interferogram  of  Nd : YAG  Fiber  #5-9. 


Figure  30(b)-lnterferogram  of  Nd : YAG  Fiber  #5-11, 
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a/4  ,  i.e.,  on  the  order  of  the  fringe  shift  created  by  the  type  of  index 
gradient  to  be  measured.  For  example,  the  top  fiber  of  array  #10  had  poorly 
polished  ends  as  it  was  somewhat  loosely  bonded,  and  showed  strong  fringe 
distortions  on  the  order  of  one  fringe.  A  hasty  conclusion  would  have 
erroneously  attributed  it  to  a  strong  index  gradient. 

Since  flatness  is  difficult  to  map  accurately,  discrimination  between  these 
two  effects  is  also  difficult.  A  possible  method  to  eliminate  the  unwanted  effect 
of  residual  fiber  end  curvature  would  be  to  place  the  fiber  array  between  two 
high-quality  optical  flats  (say,  better  than  A/10  flatness)  and  insert  an  index 
matching  liquid  between  the  flats  and  the  array.  Ideally  both  the  liquid  and  the 
optical  flats  should  have  the  same  refractive  index  as  the  fiber  (here  ~  1.82  for 
NdrYAG).  When  implemented  with  glass  microscope  cover  slips  (which  are  locally 
very  flat)  and  a  1.45  index  matching  liquid,  this  approach  showed  a  slight 
reduction  in  fringe  distortion.  However,  because  the  matching  was  imperfect,  the 
conclusion  is  not  very  firm. 

Although  it  is  clear  that  further  measurements  are  required  to  finalize  this 
point,  we  believe  the  presence  of  a  slight  index  gradient  in  larger  Nd:YAG  fibers 
is  still  a  good  possibility.  Two  guiding  mechanisms  in  fibers  of  array  #2 
therefore  remain  possible,  namely  An-guiding  and  loss-guiding.  This  last 
mechanism  would  originate  from  the  inhomogeneous  transmission  of  ~  250  ym 
fibers.  When  probed  with  a  tightly  focused  (w  ~  10  ym)  optical  laser  beam  at 
A  =  633  nm  ,  they  all  show  that  some  regions  of  the  fiber  transmit  the  signal 
with  less  distortion  than  others.  In  a  particular  fiber  this  region  of  better 
optical  quality  would  thus  offer  a  low-loss  path  to  the  laser  signal  (at 
1.06  ym),  which  would  be  confined  to  it  by  the  higher  loss  of  the  surrounding 
region.  This  hypothesis  is  to  be  correlated  with  our  observation  that  in  250  ym 
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fibers  lasers,  the  signal  state  of  polarization  (SOP)  was  a  function  of  mirror 
alignment.  When  the  fiber  laser  was  aligned  to  its  lowest  threshold,  the  signal 
and  pump  SOP  were  identical.  When  the  cavity  alignment  was  intentionally 
spoiled,  the  signal  SOP  was  altered  (e.g.,  to  a  1:10  linear  polarization,  down 
from  1:100  in  the  best  alignment  case).  This  indicates  that  the  fiber  laser  may 
actually  operate  in  two  different  states,  the  first  one  being  the  guided  state, 
and  the  second  one  the  unguided  state.  In  the  second  state  the  signal  would  be 
more  strongly  aware  of  the  outside  part  of  the  fiber  and  suffer  more  loss  (higher 
threshold)  and  polarization  alteration  through  scattering.  These  two  operating 
states  were  also  correlated  to  the  signal  transverse  mode  profile,  which  was 
circular  when  the  mode  was  guided,  and  more  elliptical  (up  to  ~  1:2  ellipticity) 
when  the  mode  was  "unguided".  These  observations  make  us  believe  that  in  these 
particular  fibers,  loss-guiding  is  probably  the  dominant  guiding  mechanism. 

4.  Guided  Fiber  Lasers 

Another  area  of  interest  was  the  demonstration  of  guided  laser  action  in 
Nd:YAG  fibers  with  a  large  aspect  ratio.  This  was  performed  with  fibers  of  array 
#4  which,  with  an  average  fiber  diameter  ranging  from  78  urn  to  81  urn  and  a  length 
of  11.8  mm,  have  an  aspect  ratio  of  ~  150. 

With  a  cavity  mode  of  a  high  reflector  and  a  1%  output  coupler,  only  two  of 
the  five  fibers  (#4-1  and  #4-5)  were  successfully  brought  to  oscillation.  Again 
we  noticed  a  definite  correlation  between  the  measured  laser  threshold  (i.e.  the 
fiber  loss)  and  the  quality  of  the  pump  mode  coming  out  of  the  fiber.  Fiber 
laser  #4-1  had  a  threshold  of  about  54  nW  (absorbed  power).  The  pump  mode 
quality  was  not  nearly  as  good  as  that  of  fiber  #4-5,  which  exhibited  a  threshold 
of  only  3.5  mW.  In  both  cases  the  output  was  a  single  transverse  mode 
(fundamental).  The  signal  polarization  was  again  identical  to  the  pump 
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polarization  when  the  cavity  was  well  aligned. 

Characterization  of  fiber  laser  #4-5  led  to  a  number  of  very  interesting 
conclusions.  First  we  noticed  that  despite  its  low  threshold,  it  had  a  very 
small  slope  efficiency  (200  pW  of  output  at  P^  a  50  mW  ,  or  s  e  .5%).  It 
indicates  a  high  single-pass  loss,  on  the  order  of  60%  (+  15%).  Since  this  loss 
was  offset  by  only  pumping  the  fiber  with  about  3.5  mW,  it  also  means  that  this 
fiber  provides  a  very  large  round-trip  gain  per  unit  pump  power,  approximately 
14%/mW,  or  .6  dB/mW.  This  was  confirmed  by  measurement  of  the  pump  and  signal 
inode  radii,  Wp  =  16  pm  and  W$  =  14.6  urn  ,  respectively.  The  calculated  pump 
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mode  effective  area  is  then  Ap  =  7.4  *  10  cm  ,  corresponding  to  an  expected 
gain  of  precisely  13%/mW,  as  measured.  These  results  are  consistent  with  a  value 
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of  o  =  2.3  *  10  AJcrrr  as  before,  although  the  fibers  of  array  #4  originated  from 
Bell  Telephone  Laboratories.  Although  the  fiber  is  relatively  lossy,  it  also 
provides  a  good  mode  confinement  and  a  high  gain  factor. 

Prior  to  mounting,  the  fibers  were  cut  into  12  to  13  mm  length  pieces  and 
their  diameter  measured  on  a  traveling-stage  optical  microscope  (resolution 
“  .5-1  urn).  Each  fiber  was  scanned  along  its  length  and  lows  and  highs  of  its 
diameter  (which  occurred  every  300-600  urn)  were  recorded  (25  to  35  data  points 
per  fiber).  We  show  in  TABLE  10  the  characteristic  diameter  variations  of  each 
fiber:  average  diameter  T  ,  average  diameter  variation  a$/4T  ,  and  maximum 
diameter  variation  (fmax  “  • 

The  measured  value  of  W$  =  14.6  pm  corresponds  to  a  Rayleigh  range  in 
Nd:YAG  of  z^  =  1.15  mm  ,  much  shorter  than  the  fiber  half  length  (~  6  mm).  The 
signal  therefore  appears  to  be  guided  by  the  fiber.  Note  also  that  the  pump  mode 
was  barely  guided  (z^  -  2.84  mm).  With  an  average  core  radius  for  fiber  #4-5  of 
a  =  39.9  pm  ,  the  expected  signal  radius  is  .645  x  a  =  26  pin  ,  larger  than 
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TABLE  10 


DIAMETER  DATA- OF  FIBER  ARRAY  #4 


Fiber  # 

♦ 

(urn) 

A4>/4> 

($  -  $  .  )/<J> 

v  max  min" 

4-1 

80.2 

6.7% 

21.9% 

4-2 

78.6 

6.5% 

19.1% 

4-3 

80.6 

9.6% 

40.1% 

4-4 

77.9 

5.4% 

16.0% 

4-5 

79.8 

7.2% 

28.3% 

the  measured  value.  Again  we  find  that  aperturing  by  the  thinnest  sections  of 
the  fiber  is  probably  responsible  for  the  unusually  small  signal  mode  size. 
This  provides,  however,  a  clear  demonstration  of  laser  action  in  a  guided 
fiber  laser  in  which  the  guiding  mechanism  is  provided  by  the  fiber  aspect 
ratio.  It  also  confirms  our  general  impression  that  the  main  source  of  loss 
in  fiber  lasers  is  propagation  loss  (crystal  bulk  and/or  surface  quality). 
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SECTION  V 


LASER-DIODE-PUMPED  FIBER  LASERS 

As  mentioned  earlier,  pumping  Nd : YAG  fiber  lasers  with  cw  laser  diodes 
operating  in  the  810  nm  region  offers  a  number  of  interesting  features  and 
advantages.  First,  Nd: YAG  presents  a  strong  absorption  band  in  the  800-820  nm 
region  (Figure  31)  and  laser  excitation  via  this  pump  band  can  be  performed 
with  shorter  fibers,  and  therefore  lower  loss  cavities.  Second,  the  pump 
photon  energy  is  only  25%  larger  than  the  signal  photon  energy,  and  high  laser 
energy  conversion  efficiencies  are  expected.  Finally,  the  size  of  the  pump 
source  is  matched  to  that  of  the  fiber  laser,  and  device  miniaturization  is 
possi ble. 

Until  recently,  the  major  restriction  encountered  in  pumping  Nd:YAG 
lasers  with  laser  diodes  was  their  low  power  (10-15  mW)  and  out-of-band 
wavelength  (<  825  nm).  Although  in  principle  GaAlAs  diodes  can  be  made  to 
emit  anywhere  between  800  nm  and  860  nm  by  controlling  their  A1 -doping,  most 
manufacturers  still  do  not  supply  wavelength-tailored  diodes  on  a  routine 
basis.  However,  for  the  purpose  of  the  present  work,  we  were  able  to  purchase 
laser  diodes  from  Hitachi  with  emission  wavelengths  specified  to  810-820  nm 
and  output  powers  up  to  15  mW.  Also,  the  Palo  Alto  Xerox  Research  Center 
generously  loaned  us  several  diodes  specifically  fabricated  for  Nd: YAG  laser 
pumping  applications. 

The  availability  of  these  diodes  made  possible  the  demonstration  of  low- 
threshold  LD-pumped  Nd:YAG  fiber  lasers.  We  report  below  the  results  of  this 
work.  Data  on  laser  diode  characterization,  LU-to-fiber  optical  coupling,  and 
LD-pumped  Nd:YAG  bulk  and  fiber  laser  operation  are  presented. 
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Figure  31 --Absorption  Spectrum  of  ~1 %  Doped  Nd:YAG  in  the  810  nm 
Region,  measured  on  a  Perkin-Elmer  Model  330  Spectro¬ 
photometer  (Resolution 7  a).  Sample  Thickness  is 
6  mm.  Full  Vertical  Scale  represents  ~1 00%  Absorption 


A.  LO  CHARACTERIZATION 


In  the  course  of  this  work,  a  total  of  6  laser  diodes  emitting  in  the 
820  nm  region  were  available.  Two  of  these  diodes  were  manufactured  by 
Hitachi  (HLP-1400).  The  other  four  laser  diodes,  on  loan  from  another 
research  group  in  the  Ginzton  Laboratory,  were  provided  by  the  Palo  Alto  Xerox 
Research  Center.  In  this  section  we  describe  the  characteristics  of  the  two 
diodes  that  were  actually  used  in  fiber  laser  pumping  experiments,  namely  one 
of  the  single-stripe  Hitachi  laser  diodes  (Hitachi  #2)  and  one  of  the 
multiple-stripe  Xerox  diodes  (#X-2). 

1.  Hitachi  Laser  Diodes 

We  show  in  Figure  32  the  output  power  versus  current  characteristics  of 
Hitachi  #1  provided  by  the  manufacturer.  A  typical  threshold  of  oscillation 
for  these  diodes  is  Ith  s  60-70  mA  ,  with  a  maximum  output  power  of 
approximately  15  mW.  This  particular  diode  was  selected  for  its  lasing 
wavelength  of  about  815  nm  at  10  mW  of  output,  well  matched  to  the  absorption 
of  Nd:YAG  (see  Figure  31). 

The  Hitachi  diodes  were  operated  with  a  custom  made  power  supply  designed 
and  fabricated  by  Ginzton  Laboratory  technicians,  which  includes  a  power 
supply  and  a  mother  board  to  eliminate  current  spikes  that  may  be  harmful  to 
the  diode  junction.  Our  own  measurements  with  Hitachi  indicated  a  similar 
threshold  to  that  specified  by  the  manufacturer,  but  a  maximum  output  power  of 
only  11-12  mW  (versus  15  mW  specified)  at  a  maximum  current  of  137  mA.  The 
laser  wavelength,  measured  with  a  '  4  A  resolution  grating  monochromator,  was 
found  to  vary  from  814  nm  at  threshold  to  817  nm  at  full  current.  This 
corresponds  to  a  6A/6i  of  .5  A/mA  typical  for  this  type  of  device. 
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Figure  32--Characteri sties  of  Laser  Diode  HLP-1400 
provided  by  Manufacturer . 
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The  second  Hitachi  diode  (Hitachi  #2),  on  loan  from  Hitachi  Corporation 
as  a  back-up  unit,  was  found  to  emit  about  25%  more  power  (14-15  mW)  at  a 
slightly  longer  wavelength  (^  817-821  nm).  Because  of  its  higher  maximum 
output  power  it  was  preferred  to  Hitachi  H  for  laser  pumping  experiments. 

2.  Xerox  Laser  Diodes 

As  mentioned  earlier,  two  types  of  cw  laser  diodes  were  loaned  to  us  by 
the  Palo  Alto  Xerox  Research  Center.  The  type  of  interest  here  is  a  new 
experimental  laser  diode  recently  developed  at  Xerox  and  not  yet  commercially 
available.  They  are  multiple-stripe  diodes  made  of  a  linear  array  of 
approximately  10  gain-guided  lasers  on  ~  10  urn  centers  (Reference  20).  Such 
devices  have  been  shown  to  emit  as  much  as  2.5  watts  per  facet  (Reference 
21).  By  operating  these  lasers  simultaneously  in  a  phase-locked  manner,  near 
single-lobe  far-field  patterns  have  been  observed  which  should  yield  high 
coupling  efficiency  to  small  core  optical  fibers  (Reference  2'J). 

The  device  reported  here  was  of  the  same  type  but  was  not  phase-locked. 
Its  output  power  curve  is  shown  in  Figure  33.  A  maximum  cw  output  of 
165  mW  was  obtained  with  a  forward  current  of  730  mA,  as  measured  by  the 
manufacturer.  The  threshold  of  oscillation  was  reached  with  a  forward  current 
of  about  250  mA.  At  this  relatively  low  output  power  (this  particular  diode 
could  be  operated  up  to  400  mW  per  facet)  it  is  believed  that  the  diode 
lifetime  could  be  extended  from  100  hours  (at  400  mW)  to  1000  hours  or  more, 
suitable  for  extensive  characterization  and  measurements. 

Operatic'  of  this  diode  in  our  laboratories  was  delayed  toward  the  end  of 
this  contract  by  unforeseen  difficulties  in  the  design  and  fabrication  of  its 
power  supply.  The  requirements  on  this  supply  are  actually  quite  demanding  as 
it  must  deliver  nearly  1  ampere  of  cw  current  with  little  transient  spiking. 
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Figure  33--Power  versus  Current  Curve  for 
High-Power  Laser  Diode  Array 
#X-2  (from  Xerox  Research  Center, 
Palo  A1 to ,  Cal i fornia ) . 
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Initial  tests  showed  that  the  laser  diode  hod  to  be  mounted  on  a  separate 
holder  to  avoid  damage  from  the  heat  generated  by  the  regulating  circuitry 
(which  is  placed  in  the  same  holder  as  the  laser  diode  for  the  lower  power 
Hitachi  diodes).  These  difficulties  were,  however,  successfully  solved  and 
the  diode  routinely  operated  before  the  end  of  this  contract. 

Observation  of  the  output  mode  pattern  of  this  diode  (labeled  #X-2  in  the 
following)  showed  a  series  of  vertical  lines,  each  of  which  corresponds  to  the 
output  of  one  of  the  lasers  in  the  array.  Diffraction  in  the  vertical 
direction  (i.e.,  perpendicular  to  the  plane  of  the  array)  was  very  strong  as  a 
result  of  the  small  size  of  the  junction  in  this  direction.  The  threshold  of 
oscillation  was  found  to  be  '*  280  mA,  while  the  maximum  output  power  after  a  5 
minute  warm-up  was  about  120-140  mW  at  ~  780  mA. 

B.  LD-T0-0PTICAL  FIBER  COUPLING 

The  coupling  of  a  laser  diode  beam  into  an  optical  fiber  was  investigated 
for  a  variety  of  configurations  to  optimize  the  amount  of  absolute  power 
launched  into  crystal  fiber  lasers.  In  their  present  conf iguration  the  fiber 
lasers  operated  with  external  mirrors  do  not  lend  themselves  well  to  direct 
butt-coupling,  and  most  of  our  efforts  were  concentrated  toward  a  suitable 
imaging  of  the  diode  output  facet  on  the  input  end  of  a  fiber.  The  laser 
diode  output  was  thus  first  recollimated  into  a  nearly  parallel  beam  before 
being  focused  to  a  small  spot  size  and  coupled  into  the  fiber.  In  these  and 
in  following  measurements,  the  laser  diode  was  mounted  on  an  aluminum  block 
for  mechanical  stability.  Recollimating  optics  were  mounted  on  the  same 
block,  together  with  all  required  micro-positioners.  The  entire  holder, 
approximately  3x5x5  inches,  could  then  be  positioned  anywhere  on  the 
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optical  bench  like  any  ordinary  laser.  Results  obtained  with  both  types  of 
diodes  are  described  below. 

1.  LD  #H-2 

The  use  of  Selfoc  lenses  as  collimation  and  focusing  optics  was 
particularly  attractive  because  of  their  small  size  and  potential  for 
miniature  systems.  Using  a  miniature  x-y-z  stage  mounted  on  the  holder 
described  above  to  position  a  single  high-numerical  aperture  Selfoc  lens 
(Reference  22)  in  front  of  the  laser  diode  junction,  the  LD  output  beam  was 
recollimated  without  significant  loss  of  power.  However,  when  using  either  a 
low  or  high  numerical  aperture  Selfoc  lens  to  approximately  recoil imate  the 
laser  diode  output  beam,  two  difficulties  arise.  First  the  spot  size  of  the 
approximately  recollimated  beam  is  very  small,  estimated  at  1U0-2U0  urn.  To 
focus  this  beam  to  a  -  40  urn  spot  for  fiber  laser  excitation,  a  relatively 
short  focal  length  lens  is  required  to  make  up  for  the  small  recollimated 
beam,  on  the  order  of  a  few  millimeters.  This  focal  length  does  not  leave 
enough  working  distance  between  the  lens  and  the  input  fiber  end  (the  mirror 
gimbal  mount  is  30  mm  thick).  Slightly  defocusing  the  Selfoc  lens  does  expand 
the  recollimated  beam  (and  allows  one  to  use  slightly  longer  focal  length 
lenses).  However,  because  of  the  small  diameter  of  the  Selfoc  lens  (<  1  mm) 
it  also  reduces  the  fraction  of  diode  power  captured  by  the  Selfoc.  The 
second  problem  is  that  the  recollimated  beam  shows  a  series  of  concentric 
rings  surrounding  the  brighter  central  spot  due  to  the  strong  geometric 
aberration  of  our  Selfoc  lenses.  The  poor  quality  of  the  beam  is  expected  to 
be  detrimental  to  fiber  launching  efficiency. 

The  Selfoc  lenses  used  in  these  measurements  were  acquired  several  years 
ago.  Recent  reports  on  progress  in  Selfoc  lens  technology  indicate  that  new 
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generations  of  lenses  have  much  better  overall  quality  and  properties 
(Reference  23).  In  particular,  laser  beams  have  been  focused  to  ~  1  urn  spot 
sizes  using  lenses  with  reduced  geometric  aberration.  Consequently, we  believe 
new  Selfoc  lenses  should  be  more  adapted  to  the  problem  at  hand.  The  working 
distance  problem  will  be  eventually  taken  care  of  in  future  fiber  laser 
designs  by  either  implementing  smaller  mirror  gimbals,  or  bonding  the  mirrors 
directly  onto  the  ends  of  the  fiber  laser. 

As  an  alternative  solution  we  replaced  Selfoc  lenses  by  microscope 
objectives,  which  yielded  a  greatly  reduced  ring  structure  in  the  recollimated 
beam.  Optimization  of  the  recollimated  power  was  achieved  by  using  objectives 
with  increasing  power  and  numerical  aperture  (N.A.).  A  large  area  silicon 
detector,  calibrated  against  a  Spectra  Physics  404  power  meter,  was  used  for 
power  measurements.  For  each  measurement  the  microscope  objective  was 
carefully  aligned  to  provide  a  beam  collimated  at  infinity.  Results  are 
summarized  in  TABLE  11  and  Figure  34.  As  expected,  the  amount  of  total  power 
carried  by  the  collimated  beam  increases  with  the  objective  numerical 
aperture,  converging  to  an  asymptotic  value  corresponding  to  maximum  diode-to- 
objective  coupling  efficiency.  This  value  is  essentially  reached  for  a  N.A. 
of  .5,  corresponding  to  the  maximum  divergence  angle  of  the  diode  output  beam 
30  °).  The  maximum  measured  coupling  efficiency  is  about  86%.  The 
residual  14%  is  probably  due  to  Fresnel  loss  in  the  objective.  In  the  case  of 
the  40x  and  60x  objectives,  the  recollimated  beam  was  slightly  diverging 
because  the  front  face  of  the  objectives  could  not  be  brought  close  enough  to 
the  diode.  The  divergence  angle  was,  however,  small  enough  to  be  of  no 
consequence  for  further  focusing.  Figure  34  shows  the  actual  collimated 
optical  power  at  full  diode  current.  Over  12  rriW  of  collimated  power  was  thus 
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TABLE  11 


RECOLLIMATION  MEASUREMENT  DATA  FOR  LASER  DIODE  #H-2 
(HITACHI  HLP-1400) 


Objective 

Power 

N.A. 

^out^inc 

Beam  Divergence 

5x 

.10 

27.9% 

Col  1 i mated 

lUx 

.30 

67.7% 

Col  1 i mated 

20x 

.40 

70.3% 

Col  1 imated 

2Ux 

.50 

75% 

Collimated 

40x 

.65 

79.7% 

Slightly  divergent 

44x 

.66 

85% 

Col  1 imated 

60x 

.85 

86% 

Slightly  divergent 
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FRACTIONAL  POWER  IN  COLLIMATED  BEAM 
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MICROSCOPE  OBJECTIVE  NUMERICAL  APERTURE 


Figure  34--Absolute  and  Relative  Power  carried  by  Collimated 
Laser  Diode  Beam  as  a  Function  of  the  Objective 
Numerical  Aperture  (Hitachi  HLP  1400  Diode). 
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COLLIMATED  POWER  (mW)  AT  FULL  CURRENT 


available  with  microscope  objectives. 

A  number  of  additional  optics  were  tested  to  attempt  optimizing  the 
recollimation  while  implementing  different  optics.  A  highly  multimoded 
plastic  core  fiber  was  used  to  capture  the  laser  diode  beam.  The  fiber  used, 
two  feet  in  length  and  surrounded  by  a  flexible  jacket,  had  a  1  mm  diameter 
core  and  a  N.A.  of  .5.  The  measured  fiber  output  power  at  full  diode  current 
was  about  10.5  mW,  i.e.  similar  to  that  obtained  with  a  20x  microscope 
objective,  as  expected.  The  output  power  was  essentially  uniformly 
distributed  in  a  -  20°  angle  circular  cone.  Although  this  configuration  does 
not  recollimate  the  diode  beam,  it  may  have  some  interesting  applications  with 
large  area  laser  diodes.  It  may  also  provide  a  simple  solution  to  the  problem 
of  bringing  the  diode  beam  to  the  single  crystal  fiber. 

Attempts  at  implementing  a  single  high  refractive  index,  short  focal 
length  lens  (n  “  1.8,  f  s  2-5  mm)  to  recoil iinate  laser  diode  beams  were  not 
successful  so  far.  Although  such  lenses  captured  a  large  fraction  of  the 
diode  power,  the  recollimated  beam  showed  a  series  of  concentric  rings  similar 
to  those  observed  with  Selfoc  lenses.  Again  this  was  due  to  lens  geometrical 
aberrations,  although  the  lenses  used  were  specified  by  the  manufacturers  as 
having  a  low  level  of  aberration. 

The  conclusion  of  these  tests  is  that  the  highly  diverging  output  beam  of 
laser  diodes  requires  optics  specially  corrected  for  aberration  for  proper 
recollimation.  Observation  shows  that  even  the  cheaper  brands  of  microscope 
objectives  introduce  relatively  little  ring  structure  to  the  laser  beam  as 
compared  to  a  single  good  quality  lens,  whereas  quality  objectives  yield  very 
clean  recollimated  beams.  Aberration-corrected  multiplets  seem  to  be  a  good 
solution  to  the  problem.  It  should  be  noted  here  that  such  special  optics  do 
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not  necessarily  occupy  much  more  volume  than  miniature  optics  such  as  Selfoc 
lenses.  For  example,  the  effective  size  of  the  optics  involved  in  a  60x 
objective  is  typically  on  the  order  of  2  mm  in  diameter  by  8  mm  in  length. 

Such  a  small  size  is  definitely  compatible  with  miniature  fiber  laser 
dimensions. 

Measurements  on  coupling  to  a  Nd:YAG  fiber  were  done  using  a  20x 
objective  to  recollimate  the  pump  beam.  Coupling  to  fibers  of  array  #7 
(<|>  “  85  urn  ,  see  TABLE  6)  was  optimized  when  focusing  the  recollimated  beam 
with  a  ~  20  min  focal  length  lens,  yielding  85%  coupling  efficiency.  Longer 
focal  length  lenses,  which  are  required  because  of  the  minimum  working 
distance  (~  30  mm)  imposed  by  the  mirror  mounts,  also  gave  high  coupling 
efficiencies  by  making  the  recollimated  beam  slightly  divergent.  By  modifying 
the  beam  divergence,  the  focused  spot  size  could  be  greatly  varied.  With  an 
80  mm  focusing  lens  and  an  adequate  divergence,  collimation  was  adjusted  to 
produce  a  -  14  urn  *  56  um  focused  spot,  as  measured  with  an  imaging  diode 
array.  Under  these  conditions  the  launching  efficiency  into  the  crystal 
fibers  was  near  100%  (except  for  Fresnel  loss).  This  method  was  widely  used 
in  fiber  laser  tests  to  optimize  the  focused  spot  size  of  the  pump  within  the 
fiber. 

The  absorption  coefficient  of  either  NdrYAG  bulk  crystals  or  fibers  at 
the  laser  diode  wavelength  (at  full  current)  was  found  to  be  about  1-1.4  cm"*. 
We  observed  that  the  sample  transmission  varied  with  the  amount  of  power 
reflected  by  the  optics  and  fed  back  into  the  laser  diode  cavity.  The 
feedback  probably  scans  the  few  longitudinal  modes  across  the  laser  diode  gain 
curve  (typically  15  A  wide).  Since  the  absorption  peaks  of  Nd:YAG  in  the 
800  nm  region  are  quite  sharp  (see  Figure  31),  a  small  shift  in  laser 
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frequency  results  in  a  significant  variation  in  absorption.  By  modifying  the 
feedback  power,  the  absorption  coefficient  was  observed  to  become  as  large  as 
~  6  cm“*. 

Several  methods  were  proposed  to  stabilize  the  LD  wavelength.  One  is  to 
use  the  output  beam  from  the  second  diode  facet  to  monitor  the  wavelength  by 
temperature  tuning,  or  feedback  tuning.  A  second  one  is  to  temperature  bias 
the  diode  so  that  its  central  frequency  lies  at  the  top  of  a  broad  and  strong 
absorption  peak  (say  98%,  with  AA  of  say  50  A).  Then  a  variation  in  laser 
frequency  (at  most  ~  15  A)  will  cause  only  a  small  variation  of  the  absorption 
(say,  down  to  90%),  and  a  10%  stable  fiber  laser  output.  A  laser  diode 
emitting  at  room  temperature  at  A  =  B08  nm  would  satisfy  these  conditions 
without  requiring  temperature  tuning.  This  could  be  easily  achieved  by 
mounting  the  diode  on  a  thermoelectric  cooler.  We  could  also  re  luce  or 
eliminate  feedback  by  using  lenses  with  a  round,  rather  than  flat,  front 
surface,  or  by  using  optics  AR -coated  at  810  nm.  Although  such  methods  were 
not  implemented  under  this  program,  the  wavelength  stability  of  this  type  of 
LD  was  fairly  stable  under  normal  operating  conditions.  As  will  be  seen  in 
SECTION  V-C  ,  optical  feedback  was  not  detrimental  to  fiber  laser  operation. 

2.  LD  tfX- 2 

Recol 1 imation  of  the  laser  beam  emitted  by  the  high-power  laser  diode 
from  Xerox  (#X-2)  was  performed  with  microscope  objectives.  The  power 
recollimated  with  a  44x,  .66  N.A.  objective  was  about  140  mW  at  full  current, 
or  an  efficiency  of  about  98%  as  with  single-stripe  diodes.  However,  because 

O 

of  the  relatively  large  size  of  the  emitting  area  (■**  100  yin  long)  coupling 
into  small  core  fibers  is  difficult.  In  fact,  the  spatial  incoherence  of  this 
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source  prohibits  efficient  coupling  into  fibers  with  cores  much  smaller  than 
100  urn. 

Coupling  tests  were  performed  with  a  200  urn  core  diameter,  .3  N.A.  glass 
fiber  with  polished  ends.  The  LD  beam  was  recollimated  and  then  focused  with 
two  objectives,  0j  and  O2  ,  respectively.  We  show  in  TABLE  12  the  maximum 
power  measured  at  the  fiber  output  end  (at  full  diode  current)  for  different 
objective  combinations.  The  coupling  efficiency  refers  to  the  fractional 
amount  of  light  transmitted  by  the  second  objective  (02)  that  is  actually 
coupled  into  the  fiber.  The  divergence  of  the  recollimated  beam  had  to  be 
adjusted  in  each  case  to  optimize  the  transmitted  power,  so  that  in  general  a 
fair  amount  of  power  was  apertured  by  the  second  objective  and  lost.  This 
explains  why  the  overall  coupling  efficiency  (from  LD  to  fiber  output)  was 
relatively  low,  at  best  27%. 


TABLE  12 

COUPLING  DATA  FOR  LASER  DIODE  #X-2 


0!/02 

p 

out, max 
(mW) 

j 

Coupling 

Efficiency 

lOx/lOx 

<  10 

<  10% 

44x/20x 

31.5 

39% 

20x/20x 

34 

47% 

20x/44x 

30 

45% 

20x/5x 

27.5 

42% 

1 
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The  maximum  coupling  efficiency  was  achieved  when  the  two  objectives  had 
identical  focal  length.  This  result  was  expected  since,  in  principle,  this 
imaging  system  has  a  magnification  of  unity.  The  image  of  the  diode  emitting 
area  formed  on  the  fiber  input  end  then  has  the  same  size  as  the  diode 
junction  (~  100  ym  *  .5  ym).  The  reason  why  the  20x/5x  and  20x/20x 
combinations  give  essentially  the  same  result  was,  however,  not  clearly 
understood.  Our  results  are  however  compatible  with  the  ~  50%  coupling 
efficiency  observed  by  Scifres  and  co-workers  by  butt-coupling  a  similar  LD  to 
a  100  urn  core  .3  N.A.  fiber  (Reference  20). 

Finally  the  absorption  coefficient  of  Nd:YAG  at  the  laser  diode 
wavelength  at  maximum  current  was  measured  to  be  about  1.75  cm"1.  This 
suggests  that  the  diode  wavelength  is  not  quite,  but  fairly  well,  optimized  to 
the  peak  of  absorption  of  Nd : YAG.  Small  amounts  of  feedback  were  also  found 
to  modify  the  laser  wavelength,  although  to  a  lower  extent  than  the  single¬ 
stripe  LD  from  Hitachi. 

C.  LD-PUMPED  FIBER  LASERS 

in  this  section  we  report  measurements  performed  on  LD-pumped  Nd:YAG 
fibers,  using  the  single-stripe  diode  from  Hitachi  (Sections  1  through  4)  and 
the  multiple-stripe  diode  from  Xerox  (Section  5). 

1.  Fiber  Lasers 

Measurements  on  NdrYAG  fiber  lasers  pumped  with  Hitachi  LD  §H-2 
(Xp2  -  820  nm)  were  performed  on  fibers  of  array  §2  (~  230  ym  in  diameter, 

4  mm  in  length).  The  highly-diverging  output  beam  of  the  diode  was 
recollimated  with  a  20x  microscope  objective,  so  that  the  available  pump  power 
was  about  75%  cf  the  emitted  power,  or  -  11  mW  at  full  diode  current.  The 
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fiber  array  was  placed  in  a  laser  cavity  made  of  two  flat  mirrors  (HR  and 
=  1%  ),  as  done  during  previous  measurements  (see  SECTION  IV-A-1). 

To  facilitate  laser  cavity  and  pump  beam  alignment,  the  fiber  was  co¬ 


pumped  with  the  beam  of  a  cw  argon-ion  laser  (X  =  514.5  nm)  using  the 
arrangement  shown  in  Figure  35.  The  recollimated  laser  diode  beam  is  focused 
with  a  lens  L2  (focal  length  f2  )  and  launched  into  the  selected  fiber 
through  the  high-reflecting  mirror.  The  argon  laser  beam,  after  proper 
optical  isolation,  is  fed  into  the  fiber  through  the  output  coupling  mirror 
using  a  lens  (f^  =  98  mm)  .  The  output  beam  from  the  fiber  laser 
(A  =  1.064  urn),  recollimated  by  the  lens  ,  is  diverted  towards  an 
infrared  camera  and  TV  monitor  with  a  dichroic  filter  (T  a  80%  at  514.5  nm, 

R  ■  99.5%  at  1.064  urn). 

Before  introducing  the  fiber  in  the  cavity  the  two  pump  beans  are  , 
carefully  positioned  to  be  coaxial.  This  alignment  is  refined  after  placing 
the  fiber  in  the  pump  path.  Cavity  alignment  then  proceeds  as  follows.  The 
mirrors  and  fiber  are  first  aligned  to  yield  minimum  threshold  under  the 
pumping  action  of  the  argon  laser  alone.  In  a  second  step,  the  spatial 
alignment  and  launching  efficiency  of  the  laser  diode  beam  are  refined  by 
using  both  pump  beams  and  observing  the  reduction  in  argon-laser  threshold 
power  caused  by  the  presence  of  the  laser  diode  beam.  The  argon-laser  power 
is  thus  gradually  reduced  until  laser  action  is  obtained  with  the  laser  diode 
pump  alone.  The  optical  alignment  is  then  adjusted  for  maximum  fiber  laser 
output  power  (or  lowest  threshold). 

Using  this  procedure,  laser  oscillation  under  the  pumping  action  of  the 
laser  diode  alone  was  observed  in  several  fibers  of  array  #2,  although  most 
subsequent  measurements  were  performed  in  fiber  #2-11.  By  repeating  the 
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CW  ARGON  -  ION  LASER 


Figure  35  Experimental  Arrangement  used  to  Pump  Nd:YAG  Fiber 
Lasers  with  a  Laser  Diode  and/or  an  Argon-Ion  Laser. 


alignment  with  different  focusing  lenses  (L2 )  the  focal  length  which  gave  the 
best  results  was  found  to  be  f2  =  45  mm  (this  value  depends,  of  course,  on 
the  degree  of  recol 1 imation  of  the  laser  diode  beam). 

For  the  purpose  of  fiber  laser  characterization,  the  pump  power  incident 
on  the  fiber  was  varied  using  a  neutral  density  attenuator  rather  than  current 
control.  The  reasons  for  this  choice  are  two-fold.  First,  a  diode  current 
change  induces  a  pump  wavelength  shift  and  a  variation  of  the  fractional 
amount  of  pump  power  absorbed  by  the  fiber.  Second,  in  the  setup  used  for 
these  measurements,  current  control  was  achieved  by  means  of  a  trim 
potentiometer  placed  in  the  same  unit  as  the  laser  diode  itself,  so  that 
adjustment  of  the  current  also  spoiled  the  optical  alignment.  The  current  was 
thus  set  at  its  maximum  value  and  a  variable  neutral  density  wheel  was  placed 
in  the  path  of  the  pump  beam.  This  wheel  has  a  variable  optical  density  which 
increases  linearly  along  its  perimeter  from  zero  to  ~  2-3.  By  rotating  the 
wheel  about  its  axis,  the  pump  power  could  thus  be  varied  without  upsetting 
the  optical  alignment. 


The  lowest  observed  threshold  was  ^th.abs  =  *  corresponding  to  a 

pump  power  incident  on  lens  Lg  of  6.9  mW.  The  estimated  fractional  power 
absorbed  by  the  fiber  was  ~  56%  of  the  power  launched  into  the  fiber, 
corresponding  to  an  absorption  coefficient  <»abs  *  2.1  cm-1  . 

The  output  power  dependence  on  the  pump  power  was  obtained  by  measuring 


the  output  power  from  the  fiber  laser  downstream  from  the  1.064  pin  spike 
filter  (see  Figure  35)  while  the  pump  power  was  increased.  The  output  power 


was  displayed  on  a  chart  recorder  as  the  optical  density  wheel  was  slowly 
rotated  with  a  DC  motor.  A  typical  output  curve  is  shown  in  Figure  36.  It 


shows  a  very  nearly  linear  growth  of  the  output  power  with  increasing  pump 


OUTPUT  POWER  (ARB.  UNITS) 


Figure  36--0utput  Power  Curve  of  Fiber  Laser  #2-11 
pumped  with  a  Single  cw  Laser  Diode. 
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power.  These  curves  were  calibrated  by  performing  individual  absolute 
measurements  of  the  threshold  and  maximum  output  power.  Figure  37  shows  an 
expanded  version  of  the  response  curve  of  Figure  36  after  proper 
calibration.  In  this  particular  measurement  the  absorbed  pump  power  at 
threshold  was  4.2  mW,  and  the  maximum  fiber  laser  output  power  was  .2  mW.  The 
slope  efficiency,  measured  from  Figure  37  was  9.5%  (with  a  Tj  =  1%  output 
coupler).  The  value  of  the  round-trip  cavity  loss  6q  inferred  from  this 
efficiency,  given  by  [Eq.  (25)],  is  &0  -  8.1%  .  Assuming  a  value  of 
2.2  x  10  xnr/watt  for  the  gain  coefficient  <  (compatible  with 
1.38  x  10"^  at  514.5  nm),  we  obtain  an  eife*:ive  pump  mode  area 
A*  =  2.3  x  10"5cm2  . 

Note  that  from  these  results  we  can  extrapolate  that  with  a  5%  output 
coupler  the  threshold  would  be  about  6.3  mW,  with  a  slope  efficiency  up  to 
27%.  Using  a  laser  diode  emitting  50  nlW  and  the  same  experimental 
arrangement,  the  maximum  fiber  laser  output  power  would  be  about  5  mW.  This 
suggests  that  at  least  a  few  mi’liwatts  of  power  at  1.064  pm  should  be 
obtainable  from  these  fiber  lasers  when  implementing  the  high-power  diodes 
from  Xerox. 

2.  Comparison  between  LD  and  Argon  Laser  Pumping 

Comparison  between  the  operation  of  a  given  fiber  laser  pumped  at 

A  i  =  514.5  nm  and  A^  =  820  nm  yielded  important  information  on  the 

efficiency  of  laser  diode  pumping.  From  our  theoretical  model  alone  we  expect 

* 

the  laser  threshold  to  be  proportional  to  Ap/A^  ,  and  its  slope  efficiency  to 
be  proportional  to  A^  (see  SECTION  III-B).  Therefore  for  a  given  fiber 
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OUTPUT  POWER  (ml/) 


LD-PUMPED  FIBER  LASER  OUTPUT 


ABSORBED  PUMP  POWER  (mW) 


Figure  37--Same  as  Figure  36,  after  Calibration. 
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laser,  the  ratio  of  the  thresholds  when  pumped  with  X  ^  and  X^2  should  De 
R  .  !tM  =  Ji.i-  1.59  V  (54) 

pth,2  V  V  V 

while  the  ratio  of  slope  efficiencies  should  be 

s,  *  -I 

R  =  —  =  .63  (55) 

S2  Xp2 

Threshold  measurements  repeatedly  indicated  that  the  ratio  of  thresholds 
was  significantly  smaller  than  the  maximum  anticipated  value  of  1.59  [see 
Eq.  (54)].  This  suggested  that  the  laser  diode  effective  pump  mode  area 
A*2  was  not  optimized  to  its  minimum  possible  value,  which  prompted  a 
systematical  investigation  of  the  optimum  focal  length  for  the  focusing  lens 
L2  (see  Figure  35).  However,  even  with  the  optimum  lens  (f2  -  45  mn  in  our 
particular  experiment  arrangement)  Rth  was  still  measured  to  be  in  the  range 
of  .65  to  .81. 

This  discrepancy  was  attributed  to  the  astigmatism  of  the  laser  diode 
beam.  In  essence,  the  astigmatism  between  the  parallel  (parallel  to  the  plane 
of  the  diode  junction)  and  the  perpendicular  (perpendicular  to  the  junction) 
directions  results  in  dissimilar  focusing  properties  in  these  two  directions, 
which  in  turn  prevents  simultaneous  optimum  beam  focusing  in  both  directions. 
Astigmatism  affects  pump  focusing  in  two  ways.  First,  because  of  wavefront 
curvature  astigmatism  the  locations  of  the  two  waists  WB  and  W±  inside  the 
crystal  or  fiber  no  longer  coincide.  Second,  because  of  astigmatism  in  the 
beam  dimensions,  those  two  waists  cannot  both  have  the  same  minimum  value. 
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The  magnitude  of  the  first  effect  was  estimated  by  using  Gaussian  mode 
propagation  theory.  Although  an  exact  calculation  is  made  difficult  by  our 
lack  of  knowledge  of  the  diode  beam  characteristics,  the  study  of  reasonable 
extreme  cases  shows  that  this  effect  is  fairly  small.  For  typical  diode 
parameters  (waist  radii  of  2-5  wm  in  one  direction,  and  10-100  urn  in  the  other 
direction),  and  for  the  parameters  of  our  own  experiment,  we  found  that  the 
distance  A  between  the  waist  locations  inside  the  laser  material  is  in  the 
range  of  0-3  [tin.  This  value  is  smaller  than  the  pump  Rayleigh  range  (or  fiber 
length)  and  is  not  expected  to  significantly  affect  the  pump-to-signal  mode 
overlap  and  laser  operation. 

Analysis  of  the  second  effect,  developed  in  APPENDIX  F,  shows  that  the 
minimum  achievable  pump  spot  size  7^  ^  is  Increased  by  astigmatism  in  the 

beam  dimension  in  a  predictable  manner.  It  depends  on  the  pump  astigmatism 
x  =  Wj^/Wn  as  fol  lows: 


2  x  V  3rt2n2 


(56) 


i.e.,  it  is  minimum  for  x  =  1  (circular  mode)  and  increases  when  x  departs 
either  way  from  this  value. 

For  the  fiber  lasers  tested,  L  -  4  mm  and  n  =  1.82  ,  while  the  laser 
diode  astigmatism  was  visually  estimated  to  be  x  =  1/4  .  The  calculated 
optimum  pump  waists  are  then  ^  =  14.4  vm  [Eq.  (F-7)]  and 

W2  opt  =  ^ [Eq.  (F-6)].  Taking  the  signal  mode  radius  to  be 
W$  =  31  urn  ,  as  measured  previously  in  fibers  of  array  #2  (see  Section 
IV-B-3),  we  obtain  from  Eq.  (F-9)  the  value  of  =  .80  . 


-  140  - 


This  result  compares  well  with  our  measurements,  which  indicated  values 
between  .65  and  .81.  The  scatter  in  our  measurements  is  probably  due  to  a 
residual  misalignment  of  the  fiber  laser  cavity  with  respect  to  one  of  the 
pump  beams.  The  similarity  of  theoretical  and  experimental  results  is, 
however,  good  enough  that  we  are  confident  we  understand  the  mechanism 
involved  here. 

The  value  of  Ap  calculated  from  this  mode  is  Ap  =  tt /2( 31  ^  +  37. 52)  x 
10"k  =  3.87  x  10_i)cm2  for  this  particular  laser.  It  agrees  well  with  the 

*  _5  ? 

value  derived  from  laser  measurements  (Ap  =  2.3  *  10  cm  ).  This  simple 
model  of  pump  beam  astigmatism  is  therefore  quite  satisfactory. 

The  fiber  laser  slope  efficiency  ratio  Rs  was  also  observed  to  follow 
theoretical  predictions.  In  the  particular  example  of  the  laser  characterized 
in  Figures  36  and  37,  the  slope  efficiency  was  about  4-5%  when  pumped  with 
514.5  nm,  versus  ~  9.5%  when  pumped  at  ~  820  nm.  Again  the  slight  difference 
between  this  experimental  value  Rs  =  .47  and  the  theoreteical  value  of  .63 
[Eq.  (55)]  is  probably  due  to  a  residual  cavity  misalignment.  This  result 
provides  an  experimental  demonstration  of  the  greater  energy  conversion 
efficiency  of  Nd:YAG  fiber  lasers  when  pumped  via  the  -  810  nm  absorption 
band. 

3.  LD-Pumped  Bulk  Nd:YAG  Lasers 

To  obtain  a  useful  comparison  with  fiber  laser  performance,  we  also 
investigated  the  characteristics  of  a  laser  diode-pumped  bulk  Nd:YAG  laser. 
Crystal  #4  was  used  for  these  measurements  (see  TABLE  4).  This  crystal,  doped 
with  .9%  of  neodymium,  is  2  x  6  mm  in  area  and  4  mm  thick.  The  two  faces 
perpendicular  to  the  laser  direction  (crystal  thickness)  were  polished  and 
left  uncoated  for  laser  operation.  The  crystal  was  placed  in  a  cavity  made  of 
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two  R  =  10  cm  mirrors,  namely  a  high-reflector  and  a  .5%  transmitter.  The 
same  experimental  arrangement  described  earlier  (Figure  35)  was  also  used  for 
laser  tests. 

Following  the  alignment  procedure  outlined  earlier,  laser  action  was 
obtained  very  easily  in  this  crystal.  The  threshold  was  brought  down  to  as 
low  as  p£h  abs  =  1.5  mW  ,  corresponding  to  4.7  mW  of  pump  power  incident  on 
lens  1-2  .  The  average  measured  value  of  the  crystal  absorption  coefficient 
at  the  laser  diode  wavelength  at  full  current  was  about  1.9  cm-1. 

Figure  38  shows  the  output  power  curve  of  this  laser  when  operated  with  a 
.5%  transmitter.  In  this  particular  measurement,  alignment  was  somewhat  less 
than  optimum,  with  a  threshold  ^.abs  =  2»1  mW  .  The  maximum  output  power 
at  1.064  urn  was  .8  mW  at  maximum  pump  power  (Pabs  =  4.6  mW),  corresponding  to 
a  slope  efficiency  of  33%.  The  laser  cavity  total  round-trip  loss  calculated 
from  these  data  is  =  1.2%  .  Subtracting  mirror  transmission  (.5%  and  .1%) 
we  obtain  a  single-pass  crystal  loss  of  about  .3%,  including  residual  Fresnel 
loss  at  the  uncoated  crystal  faces. 

In  a  second  set  of  measurements,  a  1%  transmission  output  coupler  was 
used  as  a  better  match  to  the  crystal  loss.  The  mirror  curvature  was  flat 
(R  =  °°)  while  the  high  reflector  was  unchanged  (R  =  10  cin).  The  threshold  was 
then  Ptb  abs  =  1.7  mW  ,  and  the  maximum  output  power  1.63  mw  at  4.1  mW  of 
absorbed  pump  power  (Figure  38).  The  slope  efficiency  was  thus  about  63%, 
compared  to  the  maximum  achievable  efficiency  of  .82/1.064  =  77%.  In  this 
configuration,  over  80%  of  all  absorbed  pump  photons  were  transformed  into 
coherent  output  photons.  At  maximum  output  power  the  1.064  pm  beam  had  the 
same  linear  polarization  as  the  pump  laser,  as  expected.  It  was  also  running 
in  the  fundamental  spatial  mode,  with  no  observable  astigmatism  (as 
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LASER  OUTPUT  POWER  (riW) 


ABSORBED  PUMP  POWER  (mW) 


Figure  38— Output  Power  Curves  of  a  Miniature 
Nd:YAG  Laser  (Crystal  #4)  pumped 
with  a  Single  cw  Laser  Diode. 
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anticipated,  the  mirror  curvature  eliminates  astigmatism  by  focusing  the 
signal  beam  equally  well  in  all  directions).  Higher  order  modes  were  also 
observed  by  offsetting  the  cavity  with  respect  to  the  pump  beam. 

The  cavity  loss  inferred  from  the  laser  efficiency  is  =  1.23%  ,  or  a 
single-pass  crystal  loss  of  about  .12%.  This  figure  suggests  that  in  the 
measurement  done  with  the  .5%  output  coupler  the  pump  beam  was  not  perfectly 
aligned  with  respect  to  the  fiber  laser  cavity  (again,  under  the  best 
conditions,  the  threshold  with  a  .5%  coupler  was  1.5  mW,  versus  2.1  mW  in 
Figure  38). 
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Calculated  values  of  A  in  the  .5%  and  1%  output  coupler  lasers  are 
-52  -52 

7.9  x  10  cm  and  6.0  x  10  cm  ,  respectively.  These  two  values  agree  well 

-5  2 

with  each  other,  and  with  the  theoretical  value  of  6.3  x  io  Jcirr 
(W$  «  51  urn,  Wp  *  37.5  pm)  . 

4.  Discussion 

The  results  of  the  above  series  of  measurements  and  comparison  between 

them  yields  useful  conclusions  on  the  operation  of  Nd:YAG  fiber  lasers. 

Measured  data  are  summarized  in  TABLE  13.  They  show  that  laser  parameters 

(absorption  coefficient  and  gain  coefficient  <  )  are  practically  identical 

for  Nd:YAG  bulk  crystals  and  fibers.  Also,  as  observed  previously,  the  fiber 

provides  a  substantial  signal  confinement,  which  results  in  a  lower  value  of 
* 


Ap  in  fibers  than  in  bulk.  This  potential  threshold  reduction  is  however 
offset  by  the  higher  round-trip  loss  observed  in  fiber  lasers,  on  the  order  of 
10  to  30  times  larger  than  in  bulk.  We  refer  the  reader  to  the  next  section 
of  this  report  for  further  discussion  on  the  subject  of  fiber  loss. 


TABLE  13 


MEASURED  PARAMETERS  OF  BULK  AND  FIBER  Nd:YAG  LASERS 

(A  -  820  nin) 

P 


LASER  TYPE 

a 

abs 

K 

(cm2/W) 

Hr 

% 

(cm2) 

6 

0 

(dB/cm) 

BULK 

(crystal  #4) 

1.9  cm-1 

4  +  2  x  io-5 

l 

X 

»— * 
o 

1 

cn 

.013  -  .033 

FIBER 

(#2-11) 

2.1  cm-1 

-  4.2  x  io-5 

-  3  x  IQ"5 

.40 

Finally  we  should  point  out  that  both  bulk  and  fiber  lasers  showed  quite 
stable  output  powers  when  operated  with  a  laser  diode.  Minor  amounts  of 
optical  feedback  from  the  fiber  laser  optics  into  the  laser  diode  provided  a 
convenient  means  of  shifting  the  laser  diode  wavelength  and  of  optimizing  it 
to  a  peak  of  absorption  of  Nd : YAG.  After  several  hours  of  continuous 
operation  at  full  diode  current  the  fiber  (or  bulk)  laser  output  was 
essentially  unchanged.  Any  noticeable  drift  from  one  day  to  the  next  was  due 
to  a  gradual  misalignment  of  the  laser  cavity.  This  misalignment  is  expected 
to  disappear  in  future  fiber  laser  cavities  in  which  the  mirrors  will  be 
directly  bonded  onto  the  fiber  ends. 
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5.  LD-Array-Pumped  Lasers 

Using  the  experimental  setup  described  in  Figure  35,  laser  action  was 
observed  in  crystal  #4  pumped  with  a  laser  diode  array  (#X-2).  The  laser 
cavity  was  made  of  an  HR  and  a  .5%  output  coupler,  both  with  a  radius  of 
curvature  of  10  cm.  Various  combinations  of  recollimating  and  focusing 
optics  0^/02  were  tested.  The  best  results  were  obtained  when  the  LU  beam 
was  recollimated  with  a  44x  objective  (0^)  and  focused  into  the  crystal  with  a 
45  mm  lens  (O2 ) . 

Threshold  was  reached  at  a  current  of  390  mA,  or  a  pump  power  incident  on 
lens  O2  of  31  mW.  To  optimize  the  pump  spot  size  in  the  crystal  the  beam 
incident  on  lens  O2  was  made  slightly  diverging,  so  that  this  lens  transmitted 
only  half  of  the  incident  power.  Using  the  measured  absorption  coefficient  of 
1.4  cm-1,  the  absorbed  power  at  threshold  was  estimated  to  be  5.5  mW.  At  full 
current  the  maximum  Nd: YAG  laser  output  power  was  3.4  mW,  corresponding  to  a 
slope  efficiency  of  17.5%. 

As  the  diode  current  was  increased  from  its  threshold  value  (the  current 
control  knob  of  this  power  supply  is  mechanically  uncoupled  from  the  laser 
diode)  the  Nd:YAG  laser  output  power  was  observed  to  increase  and  vanish  a  few 
times  before  finally  increasing  steadily  to  its  maximum  current  value.  These 
cancellations  were  attributed  to  a  shift  of  the  diode  wavelength  which  occurs 
as  the  current  is  increased  and  the  junction  temperature  rises.  As  the  pump 
wavelength  scans  the  absorption  spectrum  of  Nd:YAG,  the  fractional  absorbed 
pump  power  Pat;)S  varies  greatly  and  fluctuates  from  above  to  below  the 
threshold  value  Pth  .  This  effect  is,  however,  not  serious  for  practical 
applications  of  fiber  lasers  since  laser  power  control  can  be  achieved  by 
other  means,  for  example  externally. 
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Comparison  of  the  laser  operation  of  crystal  #4  pumped  with  a  single¬ 
stripe  diode  or  with  a  diode  array  yields  interesting  conclusions.  First  the 
threshold  is  about  3.7  times  higher  when  pumped  with  the  array.  Reference  to 
Eq.  (56)  suggests  that  the  astigmatism  of  the  array  is  probably  responsible 
for  most  of  the  threshold  increase.  In  physical  terms,  the  outermost  lasers 
of  the  diode  array  produce  beams  which  are  focused  at  a  large  angle  to  the 
Nd:YAG  laser  axis,  and  to  a  large  extent  the  power  they  carry  does  not 
contribute  to  the  Nd:YAG  laser  gain.  The  threshold  increase  indicates  an 
astigmatism  x  -  1/16  for  the  diode  array,  in  agreement  with  direct 
measurements.  Also,  the  slope  efficiency  is  lower  than  observed  with  the 
single-stripe  diode  pump  (17.5%  versus  33%).  Again  this  is  due  to  the  large 
astigmatism  of  Lie  pump  beam,  as  shown  in  APPENDIX  F  (off-axis  LL>  beams  are 
focused  at  a  large  angle  and  overlap  poorly  with  the  signal  beam). 

Laser  action  in  Nd:YAG  fibers  of  array  #2  pumped  with  the  diode  array  has 
not  been  observed  so  far,  although  some  cooperative  effect  with  the  514.5  rm 
pump  beam  was  observed.  We  believe  this  situation  is  due  to  several 
reasons.  First,  for  reasons  exposed  earlier,  the  pump  beam  could  not  be 
focused  tightly  enough,  and  a  large  fraction  of  the  available  pump  power  was 
not  coupled  into  the  fiber  (see  SECTION  V-B-2).  Second  the  fractional  coupled 
power  has  a  very  strong  astigmatism,  as  described  above.  Finally  these 
measurements  were  performed  at  the  end  of  this  contract  and  more  extensive 
tests  were  precluded  by  time  constraints. 

However,  we  believe  the  present  situation  can  be  improved  by  at  least 
partially  correcting  the  astigmatism  of  the  diode  array  beam.  Initial 
attempts  at  correcting  the  astigmatism  of  single-stripe  diodes  with 
cylindrical  lenses  are  in  fact  encouraging  (this  correction  was  successfully 
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achieved  at  the  Xerox  Research  Center  (Reference  24).  Also,  the  use  of  phase- 
locked  arrays  should  allow  much  tighter  focusing.  Finally,  the  implementation 
of  fiber  lasers  with  bonded  mirrors  will  enable  us  to  use  shorter  focal  length 
lenses  to  focus  the  pump  beam  and  couple  efficiently  into  crystal  fibers. 
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SECTION  VI 


FIBER  LASER  LOSS  ANALYSIS 

Comparison  of  the  results  obtained  with  bulk  and  fiber  lasers  have  shown 
throughout  this  work  that  two  major  differences  exist  between  these  lasers. 
First,  mode  confinement,  and  consequently  the  gain  per  unit  pump  power,  is 
much  greater  in  fiber  than  bulk  devices.  Second,  the  round-trip  cavity  loss 
is  several  times  larger  in  fiber  than  in  bulk  lasers.  These  two  differences 
were  in  general  such  that  fiber  lasers  were  not  as  efficient  at  converting 
pump  photons  into  signal  photons  as  bulk  lasers.  During  the  second  half  of 
this  contract  a  significant  effort  was  therefore  devoted  to  the  investigation 
of  the  origin  of  this  higher  loss.  A  number  of  potential  loss  mechanisms  were 
identified,  which  can  be  divided  into  three  main  categories.  The  first 
category,  referred  to  in  the  following  as  optics-related  mechanisms,  includes 
the  mechanisms  related  to  the  various  optical  surfaces  encountered  oy  the 
optical  signal  and  their  respective  alignment.  The  second  category 
incorporates  all  material-related  mechanisms,  in  particular  the  potential 
differences  in  structure  and  laser  properties  that  may  exist  between  Nd:YAG 
fibers  and  bulk  crystals.  The  last  category  includes  fiber-related 
mechanisms,  i.e.,  loss  mechanisms  resulting  from  less  than  ideal  waveguide 
properties. 

Extensive  efforts  were  made  to  characterize  each  of  these  mechanisms  and 
estimate  their  relative  magnitude.  This  effort  was  quite  successful,  and  led 
to  the  identification  of  what  we  believe  are  the  two  dominant  loss  mechanisms 
in  the  fiber  lasers  described  here.  The  first  one  is  aperturing  of  the  signal 
mode  by  the  fiber.  The  second  mechanism  is  residual  crystal  bulk  defects  in 
larger  diameter  fibers.  We  report  in  this  last  section  the  series  of 
observations  and  measurements  that  led  to  these  conclusions. 
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A.  OPTICS-RELATED  LOSS  MECHANISMS 


1.  End-Face  Scattering 

Imperfections  in  the  polishing  of  the  end-faces  of  the  fiber  or  in  its 
AR-coating  can  introduce  signal  loss  by  distorting  the  phase-front  of  the 
optical  signal,  which  then  cannot  constructively  interact  with  itself.  This 
was  observed  in  fiber  array  #1  which  was  the  first  array  fabricated  by  our 
polishing  method  and  showed  a  higher  degree  of  end-face  imperfections  in 
earlier  work.  After  a  second  polishing,  the  fiber  end  quality  turned  out  to 
be  more  uniform,  and  the  fiber  ends  showed  better  edge  definition.  As  a 
result,  most  of  the  lasers  of  this  array  exhibited  improved  performance. 

2.  Mirror  Defects 

Mirror  surface  defects  and  coating  quality,  which  can  introduce  loss 
through  scattering  or  less  than  ideal  reflectance,  were  thought  for  some  time 
to  be  a  significant  source  of  loss.  However,  by  interchanging  miniature 
mirrors  and  curved  mirrors  in  several  fiber  lasers  no  differences  in  operating 
characteristics  were  noted.  We  believe  all  mirrors  used  had  as  good  a  quality 
as  could  be. 

In  subsequent  arrays,  end  polishing  was  carefully  controlled  by  visual 
observation  before  placing  the  fibers  in  a  laser  environment.  By  placing  a 
drop  of  index-matching  liquid  (n  3  1.5  -  1.7)  between  each  fiber  end  and 
mirror  in  different  non-AR-coated  fiber  lasers,  we  observed  in  general  no 
measurable  improvement  in  laser  performance.  These  results  clearly  indicated 
that  in  most  cases  (a)  the  mirror  reflectivity  is  not  affected  by  the  liquid, 
(b)  as  described  earlier  a  careful  cavity  alignment  can  essentially  phase- 
inatch  Fresnel  reflections  to  the  main  reflections,  (c)  the  end-faces  of  the 
fibers  do  not  contribute  to  much  scattering  (it  would  otherwise  be  reduced  by 
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the  liquid  (Hatching  effect,  which  would  show  up  as  a  reduced  threshold). 

It  is  worth  noting  here  that  it  was  our  impression  throughout  this  worx 
that  the  use  of  liquids  was  not  adequate  for  the  kind  of  power  levels  at  which 
lasers  were  routinely  operated.  Most  liquids  vaporize  in  a  few  seconds  under 
the  impact  of  100  mW  or  more  of  pump  power  (X  =  514.5  nm).  Also,  because  of 
the  relatively  high  threshold  and  incident  pump  power,  thermal  instabilities 
developing  within  the  liquid  often  prohibited  lasing  action.  The  only 
improvement  observed  (in  fibers  of  array  #2)  was  a  greater  mechanical 
stability  and  ease  of  adjustment,  as  expected.  This  advantage  is  however 
relatively  minor  compared  to  the  new  problems  introduced  by  the  presence  of  a 
liquid  in  the  optical  cavity. 

3.  Cavity  Alignment 

A  less  than  ideal  cavity  alignment  can  significantly  reduce  the  signal 
build-up.  An  important  aspect  of  cavity  alignment  also  involves  the-  alignment 
of  the  pump  and  signal  beams,  which  must  be  coaxial  to  take  full  advantage  of 
the  available  optical  gain,  as  shown  earlier.  Any  relative  offset  or  tilt 
will  result  in  a  lower  gain  (higher  threshold)  and  lower  slope  efficiency, 
i.e.,  a  lower  apparent  round-trip  loss  (see  APPENDIX  D).  Similarly,  fiber 
ends  should  be  parallel  to  each  other  and  perpendicular  to  the  fiber  axis  in 
order  to  minimize  additional  losses  due  to  odd  incidence  angles  at  the  mirrors 
and  fiber  ends.  We  noticed  that  non-parallel  fiber  ends  and  fiber  tilts 
introduce  significant  additional  loss  -  if  ony  because  tilting  the  mirrors  to 
compensate  for  odd  angles  prevent  bringing  the  finite-size  mirrors  as  close  to 
the  fiber  ends  as  can  be.  Also,  bends  in  the  crystal  fiber  are  expected  to 
introduce  coupling  of  the  signal  mode  to  higher  order  modes  in  a  guided 
configuration,  and  some  degree  of  mode  clipping  in  an  unguided  configuration. 
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However,  we  believe  that  our  fiber  processing  and  mirror  alignment 
procedure  is  good  enough  that  such  effects  are  negligible  in  the  present 
configurations  of  the  fiber  lasers,  as  demonstrated  by  the  high  performance  of 
bulk  lasers  processed  and  aligned  in  a  similar  manner. 

4.  Mode  Coupling 

The  different  intensity  distributions  of  the  guided  fiber  mode  and  the 
unguided  spatial  mode  (between  the  mirrors  and  the  fiber  ends)  existing  in  the 
cavity  make  coupling  from  one  to  the  other  at  the  fiber-air  (or  liquid) 
interface  less  than  unity.  In  this  case  loss  can  result  from  scattering  into 
other  modes.  Analysis  of  LPg^-to-TEMQQ  Gaussian  mode  coupling  shows  that  this 
effect  can  amount  to  1%  per  pass  (45i  per  round-trip).  This  effect  may 
actually  not  be  so  disastrous  in  the  case  of  thin  mirror-to-f iber  spacings 
because  of  evanescent  coupling. 

The  situation  is  more  favorable  in  guided  fibers  supporting  Gaussian 
modes  (waist  radius  WQ  ).  The  loss  mechanism  is  then  associated  with  the 
change  in  waist  radius  and  curvature  of  the  signal  mode  as  it  travels  from  the 
fiber  end  to  the  mirror  and  back.  Theoretical  analysis  then  shows  that  in  the 
case  of  flat  (or  nearly  flat)  mirrors,  this  loss  can  be  kept  to  a  minimum  by 
reducing  the  fiber  end-to-mi rror  spacing  below  an  adequate  value.  As  a  useful 
result  we  reproduce  here  the  approximate  form  of  the  coupling  loss  experienced 
by  the  signal  mode  at  each  mirror: 


AT 


(57) 


where  h  is  the  fiber  end-to-mi rror  spacing,  n  is  the  index  of  the  medium 

2 

between  fiber  and  mirror,  and  ZD  =  nnWn/A  is  the  signal  Rayleigh  ranje 
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(outside  of  thd  fiber). 

For  example,  in  an  unclad  fiber  of  diameter  d  =  100  ym  ,  the  guided  mode 
radius  is  approximately  Wg  =  32  urn  ,  and  losses  are  brought  below 
AT  =  .1%  (.2%  on  a  round-trip)  by  making  the  fiber-to-mi rror  spacing  smaller 
than  h  “  100  ym  (assuming  air  is  in  this  spacing). 

'  i 

h  In  all  our  measurements  fiber-to-mi rror  spacings  were  made  quite  small, 

< ■  1 

often  to  the  point  where  the  mirror  was  contacting  the  fiber  holder.  We 

i 

therefore  believe  coupling  losses  were  quite  small.  Again  the  fact  that  hi gh- 

J  i  ’ 

|3£rformance  bulk  lasers  were  demonstrated  with  similar  spacings  confirms  this 
belief. 

«.  MATERIAL -RELATED  LOSS  MECHANISMS 

1.  Solarization 

A  potential  material-related  loss  mechanism  is  solarization  of  the  fiber 
material  under  the  impact  of  ultraviolet  radiation  (Reference  25). 

Solarization  of  the  laser  material  from  exposure  to  the  uv  fluorescence  light 
from  the  argon-ion  laser  tube  or  from  the  uv  lamp  during  epoxy  curing  would 
induce  crystal  damage  essentially  irreversible  at  room  temperature.  This 
mechanism  seems  however  rather  unlikely,  since  it  generally  occurs  in 
Nd:glasses  but  is  minimal  in  Nd:YAG.  In  bulk  Nd:YAG  lasers  pumped  with  flash 
lamps,  no  significant  crystal  damage  due  to  solarization  is  visible  after 
hundreds  of  hours  of  operation,  although  flash  lamps  emit  a  considerable 
amount  of  ultraviolet  light.  Although  this  uv  light  is  generally  filtered 
before  reaching  the  YAG  rod  to  reduce  heating  effects,  a  flash  lamp-pumped  rod 
prooably  receives  a  far  greater  amount  of  uv  radiation  than  our  samples  do 
during  epoxy  curing. 
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2.  Pump  Quantum  Efficiency 

It  was  also  suggested  that  500  nm  pump  photons  may  have  a  lower  pumping 
efficiency  than  longer  wavelength  (such  as  -  810  nm)  photons,  but  our  own 
measurements  in  514,5  nm  pumped  miniature  Nd:YAG  lasers  rule  out  this 
possibility.  In  these  bulk  lasers  we  observed  a  slope  efficiency  as  high  as 
43.6%,  i.e.,  a  photon  conversion  efficiency  of  90%,  which  indicates  that  the 
pumping  efficiency  of  514.5  nm  photons  in  NdrYAG  is  at  least  as  high  as  90%. 
However,  we  should  mention  that  we  observed  that  the  pumping  efficiency  of 
488  nm  photons  (also  from  an  argon-ion  laser)  may  be  as  much  as  50%  smaller 
than  that  of  514.5  nm  photons.  This  is  to  be  correlated  to  other  authors' 
observations  that  the  blue  lines  of  cw  krypton  lasers  (A  -  470  nm)  were  not 
nearly  as  efficient  as  the  752.5  nm  line  for  pumping  Nd:YAG  (Reference  25). 

3.  Nd-Concentration 

The  important  issue  of  the  actual  concentration  of  Neodymium  present  in 
CMR-grown  Nd : YAG  fibers  was  raised  early  in  this  work.  This  concentration 
plays  an  important  role  in  the  laser  overall  performance  as  it  affects 
simultaneously  the  crystal  quality,  the  material  absorption  coefficient,  its 
fluorescence  lifetime  and  stimulated  emission  cross-section.  In  cw  YAG  lasers 
the  optimum  concentration  of  Nd  is  approximately  1%,  although  slightly  lower 
concentrations  are  sometimes  preferred  as  they  yield  better  optical  quality 
crystals.  This  value  provides  a  good  compromise  between  low  threshold  and 
efficient  pump  absorption.  In  general,  low-threshold  operation  is  achieved 
for  Nd-concentrations  between  .5  at.%  and  1.4  at.%.  At  a  concentration  of 
■“  2%  the  combined  effect  of  poorer  crystal  quality  and  lower  gain  per  unit 
pump  power  results  in  a  threshold  approximately  10  times  higher  (Reference 


Although  other  authors  have  shown  that  the  concentration  of  Nd  in  Nd:YAG 
fibers  is  essentially  unaffected  by  successive  regrowths  of  the  fiber 
(Reference  4),  it  was  still  interesting  to  attempt  verifying  this  fact  for 
CMR-grown  fibers.  Three  methods  were  used  for  this  purpose,  namely  mass- 
spectroscopy,  fluorescence  lifetime  measurements  and  fluorescence  spectra 
measurements. 

(a)  Mass-spectroscopy  Analysis 

A  selection  of  fibers  with  different  diameters  was  sent  to  an 
outside  facility  for  mass-spectroscopy  measurements.  However,  during  the 
vaporization  stage  the  fibers  sprang  out  of  their  crucible  and  were  lost. 

Only  the  larger  diameter  source  rod  yielded  any  useful  result,  not  yet 
communicated  to  us.  Further  attempts  will  be  made  using  crushed  fibers  to 
avoid  the  loss  of  fiber.  This  method  should  yield  very  accurate  data,  with  an 
absolute  error  smaller  than  .1%. 

(b)  Fluorescence  Lifetime 

The  second  method  relies  on  the  measurement  of  the  fluorescence 
lifetime  of  excited  Nd-lons,  which  becomes  concentration  dependent  through 
quenching  for  Nd-concentrations  larger  than  -  1%.  This  lifetime  was  measured 
by  exciting  the  fiber  with  low  power  ~  4  msec  pulses  from  an  argon-ion  laser 
(at  X  =  514.5  nm  )  at  a  repetition  rate  of  ^  1  kHz.  The  fluorescence 
emission  of  the  fiber  is  collimated  with  a  microscope  objective,  filtered  and 
detected  with  a  germanium  detector  and  displayed  on  an  oscilloscope.  A 
typical  trace  is  shown  in  Figure  39(a),  The  upper  trace  is  the  pump  pulse, 
the  lower  trace  the  fluorescence  pulse.  Figure  39(b)  (concluded)  shows  the 
fluorescence  tail  (just  after  the  pump  pulse  has  been  turned  off),  decaying 
exponentially  as  expected. 
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Figure  39(a)--Upper  Trace:  Pump  Pulse  fed  into 
Single  Crystal  Fiber.  Lower  Trace: 
Fiber  Fluorescence.  Horizontal 
Scale:  1  msec/di v. 


Figure  39(b)— Typical  Decay  of  the  Fluorescence 
emitted  by  a  Fiber  after  Pump  Turn¬ 
off  (Fiber  #3-4).  Horizontal  Scale 
100  psec/div. 


In  early  measurements  the  pump  pulses  were  produced  by  mechanically 
chopping  the  argon  laser  beam,  which  produced  pulses  with  fall  times  of  40- 
50  usee,  large  compared  to  the  fluorescence  lifetime  of  Nd:YAG 

-  230  usee).  Measurements  were  repeated  in  which  the  mechanical  chopper 
was  replaced  by  an  acousto-optic  beam  deflector  for  greater  absolute 
accuracy.  The  detection  system  was  also  upgraded  to  a  response  time  of 
-  1  usee.  The  fluorescence  lifetime  was  retrieved  from  fluorescence 
curves  by  fitting  each  individual  curve  to  an  exponential  function 
exp(-t/Tf)  .  Repeated  measurements  with  this  improved  system  showed  a  good 
reproducibility.  Also,  the  oscilloscope  time  scale  was  checked  to  be  accurate 
to  better  than  0.4%.  The  estimated  error  on  the  measured  value  of  was 
+  4  usee. 

We  summarize  in  TABLE  14  results  obtained  with  fibers  from  several 
arrays,  including  BTL-  and  CM'{-grown  fibers,  and  bulk  samples.  The  following 
remarks  can  be  made  from  these  results.  First,  BTL-grown  fibers  have  about 
the  same  xf  as  bulk  Nd:YAG.  Second,  some  CMR-grown  fibers  show  a  lower 
fluorescence  lifetime  than  expected,  close  to  210  usee.  A  possible 
interpretation  proposed  earlier  was  that  the  concentration  may  increase  with 
decreasing  fiber  diameter,  as  suggested  by  selected  data  points  (Figure  40; 
Nd-concentrations  were  inferred  from  x^  using  published  results  (Reference 
12).  Since  three  growth  iterations  are  required  to  go  from  a  1  rnm  source  rod 
to  a  100  micron  diameter  fiber,  it  suggests  that  the  Nd-concentration 
Increases  by  about  16%  per  growth.  This  figure  is  unusually  high,  and  higher 
than  the  maximum  value  predicted  by  our  fiber  growth  specialists  (<  10%). 

This  hypothesis  was  further  tested  using  NdtYAG  fibers  of  various  diameters 
(50  urn,  100  urn,  and  250  urn)  grown  successively  from  the  same  500  urn  ground 
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TABLE  14 


SUMMARY  OF  FLUORESCENCE  LIFETIME  MEASUREMENT  RESULTS 


Origin 

Fiber 

Number 

Diameter 

(um) 

Tf 

(+4  usee) 

Bulk 

Crystal  #4 

i 

235 

BTL 

i 

9-1 

-  65 

236 

BTL 

9-4 

-  65 

233 

BTL 

9-5 

-  65 

226 

BTL 

.  9-7 

J 

-  65 

230 

BTL 

j  4-1 

80 

230 

BTL 

i  4-2 

79 

228 

BTL 

4-3 

81 

233 

BTL 

4-5 

80 

233 

CMR 

1-1 

93 

210 

CMR 

1-4 

107 

210 

CMR 

1-6 

98 

199 

CMR 

1-11 

84 

207 

CMR 

2-3 

223 

215  | 

CMR 

2-5 

234 

218 

CMR 

2-6 

243 

211 

CMR 

2-13 

228 

212 

CMR 

7-1 

78 

236 

CMR 

7-2 

80 

233 

CMR 

7-3 

90 

233 

CMR 

7-4 

86 

231 

CMR 

7-5 

87 

231 

CMR 

Grown 

-  500 

220 

CMR 

from 

-  250 

230 

CMR 

the  same 

t 

o 

o 

237 

CMR 

parent 

-  50  1 

221 
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source  rod.  They  Indicate  that  at  least  for  some  fibers  ^  Is  not  strongly 
dependent  on  fiber  diameter  (see  bottom  of  TABLE  14). 

The  results  of  these  measurements  are  Inconclusive  as  to  the  dependence 
of  on  fiber  diameter.  At  the  present  time  we  are  still  unable  to  provide 
a  clear  explanation  for  the  discrepancy  between  CMR-grown  and  BTL-grown  Nd:YAG 
fibers.  Two  hypotheses  were  proposed  earlier  to  explain  the  reduction  In 
CMR  fibers,  namely  the  stress-effect  of  the  epo*y  used  to  mount  the  fibers, 
and  the  effect  of  uv  radiation  on  the  crystal  (which  could  be  related  to 
solarlzation).  Since  BTL  fibers  were  processed  in  exactly  the  same  way  as  CMR 
fibers,  these  possibilities  appear  rather  unlikely.  Tests  done  on  fibers 
grown  from  the  same  parent  and  on  fibers  from  array  #7  Indicate  however  that 
not  all  CMR-grown  fibers  have  a  lower  .  The  apparent  fluctuations  in  our 
results  have  more  recently  led  us  to  believe  that  fibers  may  not  be 
consistently  grown  with  the  same  crystal  quality  and/or  chemical  purity,  or 
that  our  measurement  of  may  be  influenced  by  another  unknown  parameter. 

A  second  chemical  analysis  of  the  fiber  composition  was  Initiated  to  finalize 
this  issue.  Results  were  however  not  available  before  the  submission  of  this 
report. 

(c)  Fluorescence  Spectra 

Fluorescence  spectra  of  Nd:YAG  fibers  excited  with  a  low  power 

(Pabs  ^  50  mW)  514.5  nm  beam  were  recorded  using  a  -  10  A  resolution 

monochromator  followed  by  a  sensitive  detector.  A  large  number  of  fibers  and 

bulk  samples  of  different  origin  were  tested.  We  show  In  Figure  41  typical 

4  4 

fluorescence  spectra,  corresponding  to  the  F^  +  Ig^  transition 
(Figure  41(a))  and  to  the  ^3/2  *  ^il/2  transition  (Figure  41(b)) 
(concluded).  Comparison  with  published  spectra  shows  no  noticeable  difference 
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(a) 


(b) 


Figure  41 --Fluorescence  Spectra  of  Nd:YAG  Fiber  #2-7  excited 
with  -40  mw  at  514.5  nm.  (a)  ^F^  4*9/2  Transi- 

tion  (X  ~  900  nm),  (b)  4F.,/?  4I 11/?  Transition 

(X  -  1060  nm). 
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other  than  slightly  broader  fluorescence  peaks  in  our  spectra  due  to  our 
instrument-limited  resolution  (Reference  26).  After  calibration,  values  of 
splitting  ratios  computed  from  these  spectra  for  the  various  transitions  of 
Interest  agreed  well  with  published  data.  However,  within  the  resolution  of 
our  Instrument,  no  differences  were  noticed  between  any  of  the  spectra 
measured,  whether  originating  from  NdtYAG  fibers  or  bulk  crystals. 

The  conclusion  of  these  measurements,  however,  may  not  be  significant  as 
the  exact  effect  of  Impurities  or  Nd-concentration  on  the  fluorescence 
spectrum  of  Nd:YAG  Is  not  known,  and  may  be  too  small  to  detect.  A  better  way 
to  measure  the  Hd-concentratlon  would  be  to  do  a  calibrated  measurement  of  the 
emitted  fluorescence  power  at  a  given  excitation  level.  However,  such 
measurements  were  made  difficult  by  the  guiding  effect  of  NdrYAG  fibers,  which 
increases  the  fluorescence  level  at  the  fiber  output  and  is  difficult  to 
normalize  out.  Absolute  absorption  measurements  may  yet  be  the  best  method  to 
determine  the  crystal  fiber  doping  level.  An  In-house  spectrophotometer  is 
currently  being  modified  to  accommodate  samples  In  a  fiber  form  for  future 
measurements. 

(d)  Discussion 

These  measurements  have  failed  to  give  a  definite  figure  for  the 
doping  level  of  the  Nd:YAG  fibers  used  In  this  work,  although  they  seem  to 
indicate  that  no  anomaly  exists.  The  absorption  and  laser  characteristics  of 
Nd:YAG  fibers  agreed  so  well  with  the  characteristics  of  bulk  Nd:YAG 
throughout  this  work  that  we  believe  the  compositions  of  the  fibers  and  of 
their  bulk  parents  are  very  similar.  We  expect  that  future  absorption  and 
mass-spectroscopy  analysis  will  confirm  this  point. 


C.  FIBER-RELATED  LOSS  MECHANISMS 


1.  Evidence  of  Aperturing 

Several  types  of  waveguide  imperfections  may  be  responsible  for  a  loss 
increase  in  fiber  lasers.  The  first  one,  mentioned  earlier  in  this  report,  is 
surface  scattering  arising  from  microscopic  ripples  on  the  surface  of  the 
fiber.  This  is  expected  to  become  a  major  effect  in  smaller  diameter  fibers 
in  which  the  signal  is  guided  by  the  fiber  outer  surface.  A  second  effect  is 
bulk  scattering  due  to  fiber  crystal  defects  of  various  origins.  These  two 
major  scattering  mechanisms  define  what  we  may  call  a  lower-loss  path  through 
a  given  fiber  (as  we  shall  see,  bulk  defects  are  in  general  not  uniformly 
distributed  within  the  fiber)  surrounded  by  higher-loss  regions.  Since  these 
lower-loss  regions  are  smaller  than  the  fiber  itself,  some  degree  of  signal 
aperturing  occurs  which  induces  signal  diffraction  and  represents  a  loss 
mechanism.  This  aperturing  effect  also  provides  mode  confinement,  as 
described  earlier  (see  SECTION  IV-B). 

Our  experimental  results  clearly  indicate  that  signal  aperturing  was 
present  in  all  the  fiber  lasers  tested  under  this  program.  The  following 
arguments  support  this  statement. 

(1)  All  fiber  laser  cavities  were  made  of  a  flat-flat  mirror 
configuration,  which  is  essentially  an  unstable  resonator.  In  this  type  of 
resonator,  signal  confinement  is  generally  provided  by  the  finite  transverse 
size  of  the  optics.  In  our  case  it  had  to  be  provided  by  the  finite 
transverse  dimension  of  the  gain  medium,  i.e.,  of  the  Nd:YAG  fibers. 

(2)  In  all  fiber  lasers,  and  even  in  the  largest  diameter  fibers,  a 
strong  mode  confinement  was  observed.  The  mode  size  was  always  smaller  than 
predicted  on  the  grounds  of  total  internal  reflection  (TIR)  at  the  fiber/epoxy 
interface  alone. 
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(3)  As  the  aspect  ratio  of  the  fiber  is  increased,  aperturing  of  the 

signal  in  the  cavity  becomes  stronger.  The  signal  becomes  more  strongly  aware 
of  the  fiber  surface,  near  the  fiber  ends  at  first,  then  towards  the  center  of 
the  fiber,  and  signal  loss  due  to  fiber  surface  imperfections  increases.  This 
interpretation  is  consistent  with  our  experimental  measurements,  as  shorn  in 
Figure  42  where  the  measured  round-trip  loss  of  a  few  fiber  lasers  was  plotted 

versus  their  aspect  ratio  (Ap  =  514.5  nm).  The  lowest  loss  fibers  were 

-  250  urn  in  diameter  and  4  mm  long  (aspect  ratio  of  16).  The  highest  losses 
were  observed  in  -  80  urn  in  diameter,  12  inn  long  fibers  (aspect  ratio  of  150). 

(4)  Conversely,  as  the  fiber  diameter  was  reduced  the  fiber  gain  per 

unit  pump  power  was  observed  to  increase,  which  also  reflects  a  stronger  mode 

confinement. 

(5)  In  the  Nd:YAG  fiber  lasers  developed  at  BTL  a  few  years  ago,  signal 
aperturing  (and  signal  guidance)  was  deliberately  avoided  by  using  (i)  curved 
mirrors  with  radii  of  curvature  on  the  order  of  a  few  fiber  lengths  (a  few 
centimeters),  and  (ii)  small  aspect  ratios  (<  100)  (Reference  5). 

(6)  Signal  aperturing  or  guiding  also  explains  why  higher  order 
transverse  modes  were  never  observed  in  our  fiber  lasers,  even  when  pumped 
several  times  above  threshold,  whereas  they  were  easily  obtained  in  bulk 
lasers.  Just  like  in  other  types  of  lasers,  mode  discrimination  occurs  in 
fiber  lasers  as  a  result  of  differential  modal  loss  introduced  by  signal 
aperturing.  Note  that  in  the  unguided  fiber  lasers  developed  at  BTL,  higher 
order  modes  were  observed  by  misaligning  the  optical  cavity  (Reference  5). 
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(7)  Fibers  are  expected  to  exhibit  different  levels  of  scattering,  which 
explains  why  the  characteristics  of  fiber  lasers  in  a  given  array  were 
observed  to  vary  from  fiber  to  fiber. 

For  these  reasons  we  strongly  believe  that  signal  diffraction  (or 
scattering)  due  to  aperturing  is  responsible  for  a  major  part  of  the  residual 
loss  observed  in  our  fiber  lasers.  Again  the  two  classes  of  aperturing 
mechanisms,  bulk  and  surface  scattering,  have  different  relative  magnitudes 
which  depend  on  the  fiber  diameter,  as  discussed  below. 

2.  Fiber  Scattering 

Burrus  and  Stone  noted  early  that  NdrYAG  fibers  larger  than  250  urn  grown 
faster  than  about  5  min/min  showed  "cracked"  cores  due  to  differential  thermal 
expansion  (Reference  4).  Observation  of  some  of  their  cracked-core  samples 
under  a  microscope  in  back-reflected  light  indeed  showed  a  darker  region  of 
core  defects  in  the  center  of  the  fiber  (Reference  6).  Such  defects  were 
responsible  for  a  substantial  propagation  loss,  typically  .5-1  dB/cm  as 
measured  in  earlier  fiber  samples.  In  fibers  with  smaller  diameters  such 
defects  were,  however,  not  optically  recognized.  Because  the  CMR  fibers  are 
customarily  grown  at  a  slower  rate,  fibers  with  diameters  smaller  than 
■“  300  urn  (and  all  the  fibers  used  in  the  present  work)  do  not  exhibit  any 
visible  cracked  cores  when  viewed  under  a  microscope. 

To  explain  the  residual  loss  observed  in  larger  diameter  fiber  lasers 
(array  #2),  a  number  of  optical  tests  were  performed.  When  viewed  between 
crossed  polarizers,  some  degree  of  birefringence  was  observed.  This 
birefringence  was  quite  small  as  the  polarization  of  a  laser  beam  v/as 
essentialy  unaltered  after  propagation  through  any  of  the  fibers.  Direct 
measurements  of  the  transmission  loss  of  these  fibers  were  also  performed. 
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Such  apparently  simple  measurements  are  in  fact  relatively  inacccurate,  as 
they  involve  the  detection  of  small  losses  and  are  easily  influenced  by  other 
parameters  such  as  the  state  of  the  fiber  end  and  the  exact  Fresnel  loss  at 
each  fiber  end,  which  is  not  always  accurately  known.  However,  they  indicate 
a  typical  fiber  excess  loss  of  a  few  percent  for  fibers  of  array  #2.  This 
loss  increases  with  wavelength,  as  expected  for  a  scattering  phenomenon. 

By  shining  a  visible  laser  through  a  given  fiber  and  projecting  a 
magnified  image  of  the  fiber  end  on  a  screen,  we  found  more  recently  that  the 
focused  laser  beam,  approximately  50  um  in  diameter,  would  not  propagate 
uniformly  through  the  fiber.  The  fibers  appeared  to  be  cracked  at  several 
places  varying  from  fiber  to  fiber,  so  that  in  most  of  them  the  beam  could 
propagate  with  little  loss  only  through  a  single  area  of  the  fiber.  At  the 
present  time  we  are  unable  to  provide  a  definite  explanation  for  the  sequence 
of  events  that  led  to  this  condition.  Inspection  of  other  fiber  arrays  showed 
similar  defects  in  other  fibers,  although  most  of  them  exhibited  a  clear 
"window".  By  polishing  a  fiber  array  (array  #16)  several  hundreds  of  microns 
below  its  Initial  surface  and  periodically  inspecting  its  surface,  it  was 
found  that  some  of  the  bulk  defects  are  located  near  the  polished  surface. 
These  defects  may  therefore  occur  during  the  fiber  end  processing,  possibly 
when  the  fibers  are  cut  prior  to  mounting  or  prior  to  polishing.  Tnis 
operation  is  normally  done  with  a  diamond  saw,  which  may  induce  cracks  in  the 
fiber  near  the  cut.  This  hypothesis  is  currently  being  checked  by  polishing 
and  inspecting  additional  arrays. 
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0.  SUMMARY 

The  conclusion  of  these  observations  is  that  of  all  the  loss  mechanisms 
possibly  involved  in  fiber  lasers,  the  dominant  one  is  signal  aperturing. 
Aperturing  is  caused  by  residual  bulk  defects  in  larger  diameter  fibers, 
possibly  caused  by  fiber  processing.  In  smaller  diameter  fibers  it  is  caused 
by  the  fiber  surface  itself,  whose  surface  Irregularities  scatter  the  signal 
into  higher  order  modes  and  radiation  modes.  This  result  emphasizes  again  the 
Importance  of  controlling  the  diameter  of  crystal  fibers  at  growth,  as  well  as 
preserving  their  crystal  quality  throughout  the  processing  operations. 
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SECTION  VII 


CONCLUSIONS 

Under  this  contract  significant  progress  was  made  on  the  development  of 
Nd:YAG  single  crystal  fiber  lasers  with  a  high  degree  of  optical 
confinement.  To  the  best  of  our  knowledge  it  provides  the  first  demonstration 
of  such  lasers  in  a  guided  form.  Using  In-house  grown  fibers,  it  led  to  the 
operation  of  state-of-the-art  cw  fiber  lasers  with  a  maximum  output  of  nearly 
10  rrtW  at  1.064  urn  in  a  fundamental  and  linearly  polarized  mode.  It  also 
showed  thct  NdrYAG  lasers  pumped  with  laser  diodes  at  ~  820  nm  can  exhibit 
energy  conversion  efficiencies  in  excess  of  60%.  As  expected,  the  pump-to- 
fiber  coupling  efficiency  was  Improved  by  using  a  laser  diode  as  a  pump  source 
instead  of  an  LED,  and  further  improvements  are  anticipated. 

The  excellent  pointing  stability  and  mode  quality  of  these  fiber  lasers 
make  them  particularly  attractive  for  single  mode  fiber  applications.  We 
believe  this  work  has  helped  to  pave  the  way  to  the  development  of  a  large 
number  of  other  crystal  fiber  devices  made  of  materials  intrinsically  less 
efficient  than  NdrYAG,  which  should  greatly  benefit  from  a  guided  fiber 
geometry. 

To  take  full  advantage  of  the  guiding  properties  of  a  fiber 
configuration,  signal  confinement  must  be  provided  by  a  mechanism  stronger 
than  spatial  diffraction.  In  particular,  if  total  internal  reflection  is  to 
be  the  main  guiding  mechanism,  fibers  with  large  aspect  ratios  should  be 
used.  This  work  made  a  significant  contribution  in  this  direction,  pointing 
out  in  particular  the  importance  and  means  of  reducing  signal  propagation  loss 
in  crystal  fibers. 
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Future  work  on  single  crystal  fiber  devices  will  concentrate  on  the 
reduction  of  scattering  loss  in  fibers.  The  development  of  clad  crystal 
fibers,  now  well  underway,  should  yield  significant  progress  in  this 
direction.  Also,  an  improved  growth  station,  in  development  at  the  Ginzton 
Laboratory  at  Stanford  University  for  the  last  18  months,  is  now  available  for 
routine  crystal  fiber  growth. (8)  Preliminary  results  indicate  excellent  fiber 
diameter  control,  on  the  order  of  1%  or  better,  and  considerable  loss 
reduction  is  anticipated.  Future  efforts  will  also  address  (1)  the 
optimization  of  the  optical  coupling  between  laser  diode  beams  and  optical 
fibers;  (2)  the  correction  of  the  astigmatism  of  LD-beams;  (3)  further 
miniaturization  of  fiber  lasers;  and  (4)  further  crystal  fiber  diameter 
reduction,  now  in  progress  with  the  recent  demonstration  of  state-of-the-art 
15  urn  NdrYAG  fibers.  These  efforts  are  expected  to  soon  yield  improved  laser 
performance  and  to  promote  the  study  of  new  types  of  cw  and  pulsed  fiber 
lasers  as  well  as  other  fiber  devices. 
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APPENDIX  A 


EXPANSION  OF  THE  OVERLAP  INTEGRAL  J^Sj) 

For  simplicity  the  overlap  integral  [Eq.  (10)]  may  be  written  in  the 
condensed  form 
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1 


roso 


1  +  As 
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dv 


(A- 1 ) 


where  A  =  cox^S^/n^  is  the  normalized  signal  photon  density,  and  is 
proportional  to  the  laser  output  power. 

Near  threshold  A~  0  an  expansion  of  the  denominator  of  Eq.  ( A- 1 ) 
yiel ds 
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where  Jq  =  Jj(A  =  0)  is  the  modal  overlap  integral  at  threshold.  Therefore 
the  quantity  ( 1 / J  j  -  1 /Jq)  grows  linearly  with  A  . 

Far  above  threshold  (A  +  00 )  we  can  expand  the  denominator  of  [Eq. 

(A-l ) ]  in  a  series  of  1/Asg  terms.  Since  the  inode  distribution  Sq 
necessarily  has  zeros  the  quantity  Asq  vanishes  at  places  across  the  laser 
section,  and  this  expansion  may  not  be  legitimate.  However  in  the  regions 
where  the  expansion  validity  breaks  down  the  numerator  of  Jj  also 
vanishes.  The  contribution  of  such  regions  to  the  integral  is  negligible,  and 
the  expansion  is  actually  quite  accurate.  A  strai ghtforward  calcilation  leads 
to 
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(A-3) 


Here  Ig  is  an  overlap  integral  Involving  only  the  mode  profiles  rQ  and 
Sq  ,  while  Up  is  the  fraction  of  pump  power  carrieo  by  the  active  region 
[Eq.  (24)].  Again  1/J^  grows  linearly  with  A  . 

Consequently,  both  near  and  far  from  threshold  derivations  lead  to  the 
same  A-dependence.  Near  threshold  the  dominant  term  is  1/J0  [Eq.  (A-2)], 
while  fa,-  above  threshold  it  is  A/np  [Eq.  (A-3)].  In  the  general  case  the 
overlap  integral  [Eq.  (A-l)]  may  the  pfore  be  written  as 


(A-4) 


Comparison  with  the  exact  form  of  d1  for  typical  examples  shows  that  higher 
order  terms  in  A  are  actually  negligible  (see  Sections  III-C  and  III-D)  and 
Eq.  (A-4)  is  accurate  in  most  practical  situations. 


APPENDIX  B 


CALCULATION  OF  GAUSSIAN  MODE  SPATIAL  OVERLAP  INTEGRALS 


In  cylindrical  coordinates  (r,<f>,z)  with  the  z-axis  along  the  fiber 
axis,  the  normalized  distribution  function  of  the  fundamental  Gaussian  mode 
(TEMqq)  is  (for  the  signal) 
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where  W$  is  the  mode  waist  radius  (function  of  z  )  and  < a  normalization 
constant  such  that  Sqq  is  normalized  to  unity  over  the  cavity  volume 
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where  l  is  the  length  of  the  cavity. 

Similarly,  for  the  pump  the  distribution  is  taken  in  the  form 
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for  an  end-pumped  laser,  u  is  the  absorption  coefficient  of  the  laser 
material  at  the  pump  wavelength  k.  .  Normalization  of  ro(x,y,z)  to  unity 
gi  ves 
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Evaluation  of  the  filling  factor  FqOOO  requires  the  computation  of 
J}(0)  [Eq.  (12)]  using  rQ  and  Sq  defined  above.  A  straightforward 
calculation  yields 


Jj(0) 


(8-5) 


where  for  simplicity  Wp  and  Ws  were  replaced  by  their  respective  average 
value  ¥p  and  "Ws  (averaged  along  the  crystal  length). 

For  F0100  ,  the  signal  mode  involved  is  TEM^,  described  by 
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Computation  of  the  filling  factor  using  Eqs.  (B-3),  (B-6),  and  <  is  again 
straightforward  and  yields 
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APPENDIX  C 


LPnm  FIBER  MODES 


Since  the  fiber  numerical  aperture  is  assumed  to  be  small,  the  fiber 
modes  are  taken  to  be  of  the  LP-type,  described  for  example  by  Marcuse 
(Reference  11).  In  an  (x,y,z)  orthogonal  coordinate  system  whose  z-axis 
points  along  the  fiber  axis,  the  optical  field  of  an  LP-mode  is  either  x-  or 
y-polarized.  Each  set  of  inodes  (x-  or  y-polarized)  has  nonvanishing 
components  [(Ex,Hy)  or  (Ey,Hx)]  which  are  described  analytically  by  a  set  of 
two  expressions,  valid  in  the  core  and  in  the  cladding  respectively,  and 
involving  Bessel  functions  (Reference  11).  For  the  purpose  of  evaluating 
modal  overlap  integrals  only  the  mode  power  density  is  required,  given  by 


(C-l) 


It  can  be  easily  shown  that  the  mode  power  density  is  the  same  for  the  x-  and 
y-polarized  LPV^  modes,  and  can  be  expressed  analytically  as 
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where  a  is  the  fiber  core  radius,  y,  <  and  3  the  transverse  and 
longitudinal  propagation  constants,  Jy  the  Bessel  function  of  order  v,  Ky 
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the  modified  Bessel  function,  and  c  a  normalization  constant  such  that  the 

vp 

power  P  carried  by  each  mode  is  a  constant.  Note  that  each  LP  mode 
(except  v  =  u)  can'have  either  a  cosine  or  sine  azimuthal  angle  dependence. 

In  the  present  work,  the  power  density  is  normalized  to  the  cavity  volume 
rather  than  its  cross  section  as  is  more  customarily  done.  Any  z-dependence 
of  s  must  therefore  be  included  to  compute  c  .  For  simplicity  we 
assume  the  single-pass  gain  is  small,  so  that  the  signal  intensity  is 
practically  constant  along  the  fiber  length.  This  assumption  could  be  avoided 
by  introducing  the  exact  z-dependence  of  the  signal,  but  it  can  be  shown  that 
it  only  slightly  changes  the  result  while  considerably  complicating 
calculations.  With  this  approximation  the  signal  normalization  coelficient  is 
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where  the  s-subscript  refers  to  signal  quantities,  V$  is  the  fiber  V-number 
at  the  signal  wavelength  [Eq.  (40)],  and  e^  is  a  coefficient  resulting  from 
the  azimuthal  integration,  equal  to 


2  for  v  =  0 

1  for  v  t  0 


(C-4) 


In  an  end-pumping  configuration  the  pump  power  is  expected  to  te 
relatively  strongly  absorbed  as  it  travels  down  the  fiber,  so  that  the  pump 
power  density  shows  a  non-negl igible  z-dependence.  Calling  a  the 

d 

absorption  coefficient  of  the  laser  material  at  ,  the  pump  power  density 


176 


is  given  by 
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The  normalization  constant  is  now 
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Vie  show  in  Figure  C-l  the  power  density  of  a  few  fiber  modes  in  a  50  urn 
diameter  core  fiber  of  Nd:YAG  (n^  =  1.820,  n %  ~  1.815)  at  a  signal  wavelength 
of  1.064  urn.  Note  that  in  this  example  the  V-number  is  relatively  large 
40),  the  fiber  can  support  a  large  number  of  modes  (approximately  V^/2  = 
800)  (Reference  16),  and  the  low  order  inode  distributions  are  essentially 
independent  of  the  signal  wavelength. 
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Figure  C.l--Intensity  Radial  Profiles  of  a 
Few  LP-Modes  (Far  from  Cut-Off) 


APPENDIX  D 


EFFECT  OF  A  RELATIVE  PUMP  OFFSET  IN  FIBER  LASERS 


We  consider  an  end-pumped  laser  in  which  the  pump  and  signal  mode  axis 
are  either  offset  or  tilted  relative  to  each  other,  and  aim  at  an  estimate  of 
the  quantitative  effect  (and  maximum  tolerances)  of  such  misalignments  on  the 
laser  output  power  characteristics. 

1.  Mode  Alignment 


For  simplicity  we  only  consider  the  most  relevant  case  of  single 
fundamental  mode  laser  operation  and  fundamental  pump  mode.  A  lateral  offset 
,  possibly  a  function  of  the  position  z  along  the  active  medium,  is 
assumed  for  the  pump  mode.  The  power  densities  of  the  signal  and  pump  modes 
are  respectively  taken  in  the  form 
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where  and  *p  are  normalization  constants  and  Ws  and  Wp  are  the 
signal  and  pump  mode  waist,  respectively.  It  is  understood  that  in  the 
following  these  waists  are  to  be  replaced  (1)  by  their  respective  average 
values  (Ws  and  ¥p)  calculated  along  the  length  of  the  active  medium 
whenever  the  modes  diffract  significantly  within  the  interaction  region, 

(2)  by  the  mode  waists  In  the  case  one  of  the  modes  is  guided  (the  Gaussian 
approximation  is  then  quite  accurate). 
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2.  Effect  on  the  Threshold 


To  calculate  the  theoretical  threshold  we  must  evaluate  the  simple  mode 
overlap  0^(0)  (see  Eq.  (12)).  After  a  straightforward  and  exact  calculation 
we  find  that  the  effective  pump  mode  area  is 

*  »(»£+«?)  +  2  *2/(W2  +  W2) 

Ap  =  - B - L_  e  p  s  (D-3) 

As  expected,  in  the  absence  of  offset  (a  =  0)  this  result  is  identical  to 
our  earlier  result.  The  effect  of  an  offset  may  be  better  understood  by 
writing  Eq.  (D-3)  in  terms  of  a  relative  variation  of  threshold: 
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2 

where  “  3  ^s^p)  as  defined  earlier.  This  increase  in  laser  threshold  is 
plotted  versus  offset  for  a  few  values  of  a  in  Figure  D-l.  It  shows  that  in 
practical  situations  (a  =1/2-2)  ,  a  (constant)  offset  of  half  a  pump 
waist  radius  (Vwp  3  50%)  results  in  a  threshold  increase  of  about  25%.  For 
a  typical  pump  waist  of  20  urn,  this  result  indicates  an  offset  tolerance  of 
10  urn.  The  threshold  should  therefore  not  be  too  critically  dependent  on  a 
constant  offset  (independent  of  z). 
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Solving  the  exact  problem  of  an  angular  tilt  between  the  two  beams  is 
difficult.  The  offset  a  is  then  a  function  of  z  ,  and  integration  of  the 
overlap  integral  is  complicated  by  the  presence  of  a  Gaussian  term  in  z  . 

As  a  convenient  approximation  we  shall  assume  an  offset  in  the  form 

A  =  0  z  (D-5) 


where  e  is  the  relative  angle  between  the  mode  axes,  and  replace  a  in 
Eq.  (D-4)  by  its  average  value  0  i/2  ,  where  i  is  the  active  medium 

“V 

length.  This  approximation  is  valid  when  the  gain  (dependence  e  )  does 
not  vary  much  across  the  gaussian  term,  i.e.  when  the  tilt  angle  is  larger 
than 

W 

e  >  oQ  =  ^2  (0-6) 

a 


which,  for  a  typical  Wp  of  20  wm  and  absorption  coefficient 

c*a  a  .6  cm”*  ,  equals  0q  =  5  mrd  .  For  angles  smaller  than  0q  the 

overlap  depends  very  little  on  0  .  With  this  approximation  we  find  that 
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This  dependence  is  shown  in  Figure  D-l  for  W  =  20  microns  and  %  -  4  mm  . 
The  right  side  of  the  plots  (0  >  5  mrd)  is  more  accurate,  while  the 
0  <  5  mrd  region  is  probably  accurate  within  a  factor  of  two.  Although  a 
constant  offset  does  not  significantly  spoil  the  laser  threshold,  a  tilt 
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Figure  D.l --Effect  of  an  Offset  or  a  Tilt  between  Pump 
and  Signal  Modes  on  the  Laser  Threshold. 


induces  a  relatively  large  threshold  increase.  A  misalignment  of  .5  degree 
results  in  most  practical  cases  in  a  100%  increase  in  the  threshold.  We 
believe  this  figure  is  relatively  exact  (to  within  20%)  despite  the 
approximation  made.  The  tolerance  on  the  beam  angular  alignment  is  therefore 
quite  tight,  and  a  1/2  degree  angle  seems  to  be  the  upper  limit  of  tolerable 
misalignment.  This  requirement  can  be  quite  drastic  when  using  non-guiding 
lasers. 


3.  Effect  on  the  Slope  Efficiency 

To  estimate  the  effect  of  a  relative  offset  on  the  laser  slope 
efficiency  the  second  type  of  overlap  integral,  which  involves  a  saturation 
term,  must  be  evaluated.  Since  it  now  involves  a  denominator  to  account  for 
signal  saturation,  the  integral  cannot  be  solved  in  a  closed  form.  On  the 
other  hand,  the  use  of  a  computer  would  be  rather  lengthy.  To  derive  an 
order-of-magnitude  estimate  of  this  integral  we  assume  that  the  offset  a/Wp 
is  large.  We  can  then  expand  the  denominator  to  first  order.  This 
approximation  is  necessary  only  far  above  threshold.  Near  threshold  the 
following  holds  for  any  value  of  a  .  The  overlap  integral  can  then  be 
calculated,  and  the  laser  slope  efficiency  is  found  to  be 
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The  slope  efficiency  is  proportional  to  sQ  =  (T1/6Q)(hvs/hVp)  ,  as  found 
earlier.  Note  that  this  result  only  applies  to  large  a  ,  and  that  for 
a  =  0  9a(°)  is  not  unity  as  would  be  expected.  T'pwever,  in  the  far-from- 

threshold  limit  it  is  easy  to  show  that  the  slope  efficiency  is  independent  of 
A  .  Thus,  far  above  threshold,  s  =  sQ  .  We  can  therefore  extend  the 
definition  of  ga(A)  to 


for  a/w  «  1 
l» 

for  A/W  »  1 


( U- 10) 

We  show  in  Figure  D-2  the  normalized  slope  efficiency  s/Sg  versus  offset  for 
a  few  values  of  a  .  Solid  curves  are  computed  from  Eq.  (D-9) .  Dashed 
curves  are  extrapolated  to  the  small-offset  region.  In  a  typical  situation 
(a  =  1)  the  efficiency  is  reduced  by  20%  for  an  offset  of  A/Wp  =  oU%  . 

Again  the  influence  of  a  tilt  may  be  estimated  by  replacing  in  Eq.  (D-9) 
the  offset  A  by  its  average  value  0  fc/2  .  The  resulting  dependence  is 
shown  in  Figure  D-3  for  Wp  =  20  um  and  A  =  4  mm  .  Again  the  tolerance,  on 
angle  is  rather  tight.  A  tilt  angle  of  10  mrd  (.6°)  reduces  the  slope 


90(*> 


a  (a  +  2)  (  4  A  2 

- 2  exp  "  -  (  tT  J 

(a  +  1)*  (  (a  +  1)  (a  +  2)  p 
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efficiency  by  a  factor  of  two.  Although  this  result  may  be  pessimistic  by  as 
much  as  a  factor  of  two,  it  shows  that  alignment  is  critical  for  the  laser 
efficiency.  A  1/2  degree  angle  seems  to  be  again  the  tolerable  upper  limit. 

Since  in  practice  the  measurement  of  the  slope  efficiency  of  this  type  of 
laser  is  the  most  accurate  way  to  obtain  the  cavity  round  trip  loss  <5^  ,  we 

show  in  Figure  0-3  the  error  a6q/5q  in  loss  estimation  due  to  an  offset  or  a 
tilt  (again  for  Wp  =  20  urn  ,  £  =  4  mm)  .  In  other  words,  the  apparent  cavity 
loss  indicated  by  the  slope  efficiency  measurement  will  be  6^  +  .  Again 

we  find  the  error  to  be  critically  influenced  by  an  angular  misalignment. 
Typically,  an  added  loss  A(5g/<5g  °f  50%  is  expected  with  an  angle  error  of  6 
mrd  (.3°).  The  estimated  loss  is  wrong  by  a  factor  of  two  for  an  angle  of  1/2 
degree. 
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APPENDIX  E 


GUIDING  MECHANISMS  IN  FIBER  LASERS 


We  present  here  a  brief  summary  of  the  possible  guiding  mechanisms 
present  in  a  fiber  laser  and  the  magnitude  of  their  respective  effects  in 
terms  of  a  real  or  equivalent  index  gradient  An  . 

1.  Cladding 

The  core/cladding  interface  can  provide  a  guiding  effect  if  n^  >  n2  , 
where  subscripts  1  and  2  refer  to  core  and  cladding  respectively.  This 
condition  Is  currently  satisfied,  with  n^  =  1.816  and  n2  =  1.5  (epoxy). 

This  guiding  mechanism  can  be  by  for  the  strongest  one,  as  it  can  readily 
provide  a  significant  index  gradient.  Again,  in  order  to  reduce  the 
scattering  effect  of  the  core  surface  defects,  this  gradient  can  be  lowered  to 
any  desirable  level  by  a  proper  choice  of  cladding  material. 

2.  Index  Gradient 

An  index  gradient  may  exist  across  the  fiber  cross  section,  as  a  result 
of  a  gradient  of  Impurity  concentration  occurring  during  the  growth  and 
cooling  of  the  fiber.  In  the  case  of  Nd:YAG  fibers,  the  concentration  of  Nd3+ 
is  expected  to  be  higher  on  the  fiber  axis  than  on  the  fiber  edge.  In  1  at.% 

_3 

Nd  doped  YAG,  the  index  of  refraction  at  1.064  um  is  1.1  *  10  larger  than  in 
undoped  YAG.  Insofar  as  our  fibers  are  approximately  1%  doped,  this  figure  is 
also  the  maximum  possible  index  change.  Measurements  of  index  profiles  should 
determine  the  magnitude  of  the  gradient. 


3.  Gain-Guiding  Effect 


The  pre:  ence  of  a  gain  spatial  profile  in  the  laser  suggests  the 
possibility  of  gain-guided  modes.  We  show  in  Figure  E-l  typical  profiles  In  a 

O 

50  urn  core  radius  Nd:YAG  fiber  (n^  -  n2  =  5  *  10”  )  pumped  with,  and 
oscillating  on,  LPqj  modes.  The  n-parameter  is  the  number  of  times  above 
threshold  the  laser  is  running.  G(r)  is  the  gain  per  unit  length,  averaged 
along  the  fiber  length  and  normalized  to  the  loss  per  unit  length.  At 
threshold  (n  =  0)  the  gain  profile  is  the  same  as  the  pump  profile.  Above 
threshold  saturation  flattens  the  gain  profile,  which  rapidly  converges  to  an 
asymptotic  rectangular  shape  as  n  ♦  *  . 

Near  threshold  the  near-quadratic  gain  radial  distribution  makes  it 
convenient  to  use  the  standard  results  of  quadratic  gain  media.  It  is 
possible  to  show  that  the  waist  W  of  the  gain-guided  mode  In  such  medium  is 
given  by 

W  /4.42U1/4 


where  a  Is  the  fiber  core  radius  (active  part),  n  its  refractive  index, 
and  yq  the  unsaturated  gain  per  unit  length  at  linecenter.  We  can  define  an 
equivalent  index  gradient  On  by  comparing  this  situation  with  the  case  of  a 
step-index  fiber  with  V  =  2*  a/X/2nOn  ,  for  which,  in  the  limit  of  moderately 
large  V  , 


W  1.55 

"  3  *64+^72  (E-2) 

a 

which  yields  a  complex  but  useful  relation  between  on  and  Yq  . 
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Applying  this  result  to  our  fiber  lasers,  which  have  a  gain  of 
approximately  =  .1  cm-1  at  threshold,  and  a  s  50  urn  ,  we  find 
W/a  =  2.75  ,  which  Indicates  a  very  weak  guiding  effect.  The  equivalent  An 
computed  from  (E-l)  and  (E-2)  Is  ~  2  *  10“®  . 

Above  threshold  the  quadratic  component  of  the  gain  profile  decreases 
(see  Figure  E-l).  However,  since  the  overall  gain  profile  doesn't  change 
significantly  (only  a  reduction  of  the  on-axis  gain  by  a  factor  of  2) 

Eq.  (E-l)  Is  probably  still  valid  provided  yq  Is  replaced  by  the  saturated 
gain.  Since  W/a  varies  as  ,  the  resulting  correction  factor  is  thus 

negligible  ($  20%)  and  the  above  result  probably  holds  to  a  good 
approximation. 

4.  x ' (v)-guidance 

Associated  with  the  gain  lineshape  x''(v)  (imaginary  part  of  the 
susceptibility  x(v)  )  Is  the  real  part  x'(v)  .  For  a  homogeneously- 
broadened  laser  x(v)  has  a  complex  Lorentzian  distribution  g(v)  ,  whose  two 
components  x'(v)  and  x"(v)  are  shown  in  Figure  E-2.  x'(v)  can  be  related 

to  an  Index  variation  An(v)  equal  to 

An(v)  =  2^1  (E-3) 

while  x'  and  x"  are  also  related  (Kramers-Kronig  relations).  It  is  easy 
to  show  that 


An(v) 


X 


(v 


,)  g(v) 


(E-4) 
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ots  of  the  Real  and  Imaginary  Parts  of  the 
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where  g(v)  Is  the  imaginary  part  of  the  Lorentzian  distribution.  From 
Figure  E-2  An(v)  takes  on  optimum  values  at  v  =  +  av/2  (nonguiding)  and 

vQ  -  av/2  (guiding)  which  is  oqual  to  Anmflx  =  yqa/8*  (at  threshold). 

Again,  using  Yq  =  .1  cm"1  ,  one  obtains  Anmax  a  4  *  10"^  . 

This  mechanism  provides  negligible  guidance.  Also,  only  the  longitudinal 
mode(s)  near  -  Av/2  would  be  guided.  With  temperature  drift  the  laser 
output  would  be  expected  to  be  unstable. 

5.  Thermal  Lensing 

It  has  been  shown  that  the  temperature  gradient  AT(r)  In  a  laser  rod 
(or  fiber)  In  which  the  heat  Q  Is  uniformly  generated  is 

»T(r)  ■  $K  (a2  -  r2)  (£-5) 


where  K  is  the  heat  conductivity  of  the  material  and  Q  is  related  to  the 
dissipated  power  Pd  and  the  rod  dimensions  (a  and  a  )  by 


Q 


(E-6) 


In  a  50  urn  radius,  8  mm  long  Nd:YAG  fiber  we  find  at/P^  =  ,7°C/watt  .  In  a 
fiber  laser  with  pth  =  5  mW  pumped  30  times  above  threshold,  AT  is  smaller 
than  ,1°C. 

The  effects  of  this  temperature  gradient,  however  small,  are  two-fold: 
first,  thermal  lensing,  second,  stress-induced  birefringence  (next  section) 
can  exist.  The  index  gradient  induced  by  AT(r)  ,  known  to  provide  a  guiding 
action  (thermal  lensing),  is 
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For  an  8  mn  long  Nd:YAG  fiber  with  =  300  rriW  ,  the  amplitude  of  this 
gradient  is  about  1.5  x  10"*\ 

6.  Stress-Induced  Birefringence 

The  temperature  gradient  existing  in  a  fiber  laser  generates  internal 
stresses  which  induce  Index  birefringence.  This  effect  has  been  quantified, 
and  can  be  quite  large  in  high-power  solid  state  lasers.  However,  because  the 
pump  power  involved  in  a  fiber  laser  is  small,  it  is  negligible  in  our  case. 
With  Pjj  =  300  mW  we  find  that  the  gradient  amplitude  induced  by  thermal 
stresses  is  3.3  *  10"7  . 

7.  Index  Nonlinearity 

To  first  order  the  index  change  to  nonlinearity  is 

AnNL(r)  =  Y  I (r)  (E-8) 

where  y  is  the  nonlinear  coefficient  of  the  laser  material,  and  I ( r )  the 
total  intensity  distribution.  Using  the  same  parameters  as  before 
(a  3  50  urn,  Pp  =  300  mW)  we  find  a  gradient  amplitude  of  10"^.  This 
constitutes  by  far  the  least  significant  effect. 


8.  Summary 


We  summarize  in  TABLE  £-1  the  magnitude  of  the  (real  or  equivalent)  index 
gradient  expected  for  the  above  guiding  mechanisms,  together  with  some  of 
their  basic  characteristics.  Note  that  these  values  were  calculated  in  a 
worst  case  of  unusually  high  power  levels  for  fiber  devices  (P  =  300  mW)  . 


TABLE  E-I 


MAGNITUDE  OF  THE  INDEX  GRADIENT  PROVIDED  BY  THE  GUIDING 
MECHANISMS  PRESENT  IN  A  HOT  FIBER  LASER  CAVITY 
(Pp  =  300  mW,  a  =  50  urn,  £  =  8  min) 


Mechanism 

An 

Intensity 

Dependent 

v-Dependent 

Cladding 

O 

l 

• 

00 

No 

No 

Gradient 

<  1.1  x  1(T3 

No 

No 

Gain  Guiding 

2  x  io-6 

Somewhat 

Yes 

x*  Guiding 

<  4  x  io*7 

Somewhat 

Yes 

Thermal  Lensing 

1.5  x  10’6 

Yes 

No 

Stress  Induced 

3.3  x  10“7 

Y®s 

No 

Nonlinearity 

-  1  x  10-9 

Yes 

No 
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APPENOIX  F 


EFFECT  OF  PUMP  ASTIGMATISM  ON  LASER  CHARACTERISTICS 


To  qualitatively  estimate  the  effect  of  the  astigmatism  In  beam 

dimensions  of  a  pump  beam  (such  as  produced  by  a  laser  diode)  on  a  fiber  laser 

threshold,  we  used  the  results  of  the  Gaussian  mode  overlap  theory  presented 

o  o 

in  SECTION  III-C.  In  the  following  we  call  W±  and  W#  the  waist  radii  of 

the  laser  diode  beam  at  the  emitting  facet  of  the  junction  in  directions 

l  and  I  to  the  junction, respectively.  After  recollimatlon  and  focusing, 

the  beam  waist  radii  are  transformed  Into  Wj^  and  W,  ,  respectively,  near 

the  focal  plane  of  lens  L2  (and  Inside  the  fiber  laser).  Since  only 

0  0 

spherical  optics  are  used,  the  beam  astigmatism  x  =  wpw,  remains 
uncorrected  throughout  the  beam  path,  and 

0 


W, 


W. 


w, 


w. 


=  x 


(F-l) 


'I  "1 

Along  the  fiber  length  the  two  waists  vary  according  to  the  Gaussian  beam 
diffraction  law.  Following  our  earlier  results,  the  average  waist  radius  In 
each  direction  along  the  fiber  laser  Is  given  by  [Eq.  (33)] 


2 

<W,> 


2 

<wp 


*  WJ(1  +  e,) 


Wf(l  +  eA) 


(F-2) 


where  and  are  the  diffraction  terms 


(F-3) 


’>  ’  W4 

x  Wll 


and  a  constant  of  the  waist  radius 


x2  L2 

■  =  __£2_ 
2  3rr  2n2 


Here  L  is  the  fiber  length  and  n  the  fiber  material  refractive  inde; 
average  pump  mode  area  is  therefore 


Ap2  =  2(2  <Wl>  +  2  <Wx>) 


2 


Its  minimum  value  (optimum  threshold),  computed  by  letting  dA^/dll^  =  ( 
using  Eqs.  (F-l)  through  (F-5),  is  given  by 


p,2,opt  22  x 


For  the  circularly  symmetric  argon  beam,  we  find  by  letting  x  =  1  and 
replacing  Xp2  by  : 


A  ,  .  =  tt/F~ 

p.l.opt  1 


where  is  defined  similarly  to 


L2 

1  IV 


(F-4) 

.  The 


(F-5 ) 

and 


( F— 6 ) 


(F— 7 ) 


(F-8) 
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[Eq.  (54)]  we  find  that 


Inserting  bqs.  (F-6 )  and  (F-7)  in  Rth  =  Pth  i/pth  2 


where  W$  is  the  average  signal  waist  radius  along  the  fiber  laser. 

Equation  (F-9)  shows  that  in  the  absence  of  astigmatism  (x  =  1), 

diffraction  is  stronger  for  the  diode  beam  than  for  the  argon  laser  beam 

(A  >  A  and  >  el  and  contributes  to  lowering  the  ratio  of 
p2  pi  2  1  3 

thresholds  Rth  .  Astigmatism  (x  *  1)  makes  matters  worse  by  increasing  the 
minimum  achievable  beam  area.  Note  that  a  change  in  astigmatism  direction  is 
not  expected  to  modify  the  magnitude  of  this  effect.  This  fact  is  reflected 
in  the  invariance  of  Eqs.  (F-6)  or  (F-9)  under  a  change  of  x  into  1/x  . 
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